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Dear Colleague:

The Urban Mass Transportation Administration (UMTA), in 
cooperation with transit authorities, sponsored the STARS 
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1979 to reduce costs as well as improve the reliability and 
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1. INTRODUCTION

1.1. BACKGROUND
The co s t o f  e le c tr ic ity  is a s ig n ific a n t po rtion  o f the opera ting  co s ts  o f  ra il 

tra n s it sys tem s. The im pact o f  increasing energy costs  is fe l t  b y  those  system s 

p re se n tly  in ope ra tion  and those in the planning o r co ns tru c tio n  phases. The 

in fluence  o f  e le c tr ic ity  co s ts  on opera ting  and design p o lic ie s  o f  ra il tra n s it is 

expected to  g ro w  in fu tu re  years.

Concerned by  ris ing  energy cos ts , managers o f several ra il tra n s it a u thorities  

have es tab lished  energy m anagem ent program s. The o b jec tive s  o f  these program s 

are energy co s t reduction  and im proved  energy e ffic ie n c y . The purpose o f  these 

gu ide lines is to  o u tline  the procedures and m ethodo log ies to  achieve these 

m anagem ent ob jec tive s .

Energy m anagem ent is a p rocess o f understanding a s y s te m 's  energy 

requ irem ents, w ith  the goa ls o f  reduced energy cost and increased energy  e ffic ie n c y . 

Both goa ls enhance ra il tra n s it p ro d u c tiv ity . Increased energy e ff ic ie n c y  means 

m o v in g  m ore people  fo r  lo w e r energy expenditures and lo w e r energy cost. This 

re su lts  in sm a lle r e le c tr ic  b ills  fo r  the tra ns it au thority . The energy m anagem ent 

goa ls  tra ns la te  in to  m o v in g  m ore  people  at low er energy cost. The c o s t o f  any 

program  de fin e d  to  m eet these goals m ust be included as an o f fs e t  aga inst low er 

energy cost.

Energy m anagem ent research and deve lopm ent fo r  ra il tra n s it sys tem s was 

in it ia te d  under D epartm ent o f  T ranspo rta tion  sponsorsh ip  at the Rail S ys tem s Center 

(RSC) at C arneg ie-M ellon  U n ive rs ity  in 1976. The e f fo r t  was es tab lished  to  help ra il 

tra n s it au th o ritie s  manage energy w ith in  the ir organizations. S ubsequently , through 

add itio n a l fund ing  under the Urban Mass T ransporta tion  A d m in is tra tio n  and con trac ts  

d ire c tly  w ith  T rans it A u th o rit ie s , the RSC enlarged its  ca pa b ilities  in th is  d isc ip line .



The ou tpu t o f  th is  w o rk  is the to o ls  and m ethodo log ies fo r  assessing energy 

co nse rva tio n  s tra teg ies  and pow er rate structure  m o d ifica tion s . S ection  5.0 o f  th is  

vo lum e con ta ins a b ib liog raphy o f p ro je c ts , reports  and papers published as a resu lt 

o f  the program  and o ther s im ila r stud ies.

1.2. GUIDELINES CONTENT

The Energy Management G uide lines Manual is organized in to  tw o  separate 

vo lum es and an executive sum m ary. The executive sum m ary w as w ritte n  fo r  the 

general m anagers o f  ra il tra n s it a u th o ritie s  and other people w ho  have d e c is io n 

m aking pow er fo r  im p lem en ta tion  o f  energy management.

Volum e I is devo ted  to  procedures. Besides th is  in troduc tion , it  conta ins fo u r 

o ther sec tions. S ection  2.0 deve lops the basics o f  energy cost. S ections 3.0 and 4.0 

are concerned w ith  the procedures fo r  estab lish ing  energy management program s 

during ra il sys tem  design and co n s tru c tio n  and fo r  system s p resen tly  in opera tion. 

S ection  5.0 con ta ins  a g lossary  o f te rm s  and S ection  6.0 conta ins a b ib liog raphy  o f  

p ro je c ts , re p o rts  and papers on the subject.

V olum e II conta ins the m e tho d o log ie s , analyses techniques and s tra teg ies, w hich 

can be used to  achieve the goals o f  increased energy e ff ic ie n c y  and low er energy 

cost. Exam ples o f the a pp lica tio n  o f  these techniques and stra teg ies are also 

included. S ec tion  1.0 deals w ith  energy conse rva tion  s tra teg ies fo r  reducing energy

consum ption . The ro le  that m o d if ic a tio n  o f  the pow er rate s tructure  p lays, through/
rate n e g o tia tio n s /in te rve n tio n , is d iscussed in S ection  2.0. S ection  3.0 addresses the 

to p ic  o f  load m anagem ent, w h ich  can reduce pow er demand, thus low ering  the 

dem and com ponent o f the e le c tr ic  b ill.  S ection  4.0 presents a descrip tion  o f  the 

Energy M anagem ent M odel (EMM) w h ich  is a to o l used to  s im ula te  tra c tio n  opera tion  

and its  resu ltan t energy consum ption  on a ra il tra n s it system . S ection  5.0 d iscusses 

the m e tho d o log ie s  and ana ly tica l to o ls  necessary to  conduct an energy audit on a ra il 

tra n s it sys tem . The audit is an im p o rta n t step  in id e n tify in g  o pp o rtun ities  fo r  energy

cost reduction.
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2. THE BASICS OF ENERGY COST AND 
EFFICIENCY

2.1. ENERGY COST
The fa c to rs  tha t dete rm ine  e le c tr ic ity  cos t in ra il tra n s it are re la ted  to  variab les 

o f  sys te m  design and opera ting  practices (referred to  as the energy use pattern)* and 

the pow er rate s truc tu re  o f  the e lectric  u tilit ie s  tha t serve the system . The energy 

use pa tte rn  is c o n tro lla b le  w ith in  lim its  by tra n s it management. The pow er rate 

s truc tu re , w h ich  se ts the schedule o f charges fo r  e le c tr ic ity  fo r  energy use, pow er 

dem and, and fa c ilit ie s  is a m a tter o f neg o tia tion s  betw een the tra n s it au tho rity  and 

the e le c tr ic  u ti l it ie s  sub jec t to  rate m aking ju r is d ic tio n  o f  the public u t i l i ty  

com m iss ions .

The cos t o f  e le c tr ic ity  on ra il tra n s it system s is made up o f  fa c ilit ie s , pow er 

dem and and energy use com ponents. The fa c ilit ie s  charges are genera lly  fixe d  and 

m ay p a rtia lly  be funded by the trans it sys tem s ' co n trib u tio n s -in -a id  o f  construction . 

The energy consum ption  and pow er demand com ponents resu lt fro m  operating the 

tra n s it system . Energy consum ption  is the actual use o f  pow er in tegra ted  over tim e  

and it  is measured by e le c tr ic  m eters in un its  o f  k ilo w a tt-h o u rs  (kWh). Pow er

dem and represents the genera tion , transm iss ion  and d is tr ib u tio n  fa c ilit ie s  shared by  

tra n s it w ith  o ther cus tom ers  o r groups o f  custom ers o f the e le c tr ic  u t i l i ty  serving the 

tra n s it system . P ow er demand is measured and recorded by the m eters and 

com puted  using a com p lex  m athem atica l fo rm u la , w h ich  is usua lly  d iffe re n t fo r  every  

ra il tra n s it sys tem . P ow er demand has units o f  k ilo w a tts  (kW).

The fo rm u la  used by the e lec tric  u tilit ie s  to  com pute  the pow er demand 

com ponent o f  the e le c tr ic  b ill fo r  ra il tra n s it sys tem s in N orth  Am erica  can be 

genera lized to  a fe w  bas ic  elem ents.

1. S p e c ific a tio n  o f  a demand consolidation, w h ich  is a w a y  to  com bine the 
reco rd ings  o f  severa l m eters fo r  com puting  demand. M axim um  demand is 
dete rm ined  coincidentally, when in a g iven custom er class and/or



ju r is d ic t io n 1, it is the m axim um  o f the sum o f the average energy use 
recorded on all e le c tr ic  m eters in the same demand in terva l; and, 
noncoincidentally, when it  is the sum o f the m axim um  average pow ers 
recorded on all e le c tr ic  m eters in any demand in terval.

2. C om puta tion  o f  a m onthly demand, w hich is the m axim um  demand as 
determ ined using the demand co n so lid a tio n  m ethod in a m on th ly  b illin g  
period.

3. A  ratchet demand, s im p ly  ca lled a ratchet, ca lcu la ted by a predeterm ined 
fo rm u la , and w h ich  represents a m in im um  demand level fo r  b illin g  
purposes.

4. C om puta tion  o f  the b ill in g  demand w h ich  is the m axim um  o f  the m on th ly  
demand and the ra tchet.

A  su rvey o f  the pow er ra te  s tructure  o f ten ra il tra ns it agencies in the U nited 

S tates has show n tha t the demand in te rva l varies fro m  15 m inutes to  60 m inutes.

In conc lus ion , it  is the m arriage o f  the pow er rate structure  w ith  the energy use 

patte rn  w h ich  dete rm ines energy co s t, and in order to  e ffe c t energy cost reduction , 

both  aspects m ust be addressed by tra n s it management.

2.2. ENERGY EFFICIENCY
The true measure o f  ra il tra n s it energy e ff ic ie n c y  is re lated to  the m ovem ent 

o f  people. The index m o st co m m o n ly  used is the w a tt-ho u r per passenger-m ile . 

This is a p ro d u c tiv ity  index, fo r  it  re la tes m iss ion  orien ted  output (passenger-m iles) 

to  energy input (w att-hours). The index includes m arketing e ffe c tive ne ss  as w e ll, 

since passenger-m iles  depends on how  the sys tem  is used by its  custom ers.

Energy m anagem ent perfo rm ance  ind ices represent measures w hich can be used 

by tra n s it a u tho rities  to  determ ine the e ffe c tiv e n e s s  o f  energy management s tra teg ie s  

and/or gauge the energy p ro d u c tiv ity  o f  the tra n s it system . Indices need n o t be 

passenger-m ile  based.

T h e  j u r i s d i c t i o n  is  t h e  a r e a  o v e r  w h i c h  t h e  r e g u l a t o r y  b o d y  (u s u a lly  t h e  p u b l i c  u t i l i t y  c o m m i s s i o n )  g o v e r n s  

t h e  s e t t i n g  o f  r a t e s  b y  t h e  e l e c t r i c  u t i l i t y .  T h e  c u s t o m e r  c la s s  is  a  c a t e g o r y  u s e d  b y  t h e  u t i l i t y  t o  c l a s s i f y  t h e  

c u s t o m e r  a c c o r d i n g  t o  h is  e n e r g y  u s e  p a t t e r n .  F o r  e x a m p l e ,  r e s id e n t i a l  a n d  in d u s t r ia l  u s e r s  a r e  in  d i f f e r e n t  

c u s t o m e r  c la s s e s .
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Requirem ents fo r  such indices, which can p rov ide  a measure o f energy

m anagem ent perfo rm ance  are tha t they

1. are eas ily  measured and accumulated.

2. have som e m eaning in te rm s o f energy p ro d u c tiv ity .

3. rem ain fa ir ly  constant gauges o f energy p ro d u c tiv ity  even w ith  varying
schedules and passenger loading.

4. be p red ic tab le  using s im u la tio n  models.

Ind ices w h ich  have been used in th is  w o rk  are gene ra lly  quo tien ts  w h ich  have 

been obta ined  by  d iv id in g  such th ings as to ta l energy consum ption , pow er demand or 

energy co s t by  ve h ic le -m ile s  or car-m iles, ton -m ile s , passenger-m iles  or passengers.

Energy, Demand or Cost Based
Index = ---------------------------------------------------------------------

Passenger, Vehicle. W eight M ovem ent Based

A lthough  ind ices can be put together using various co m b in a tio n s  o f  num erators 

and denom ina to rs , o n ly  a fe w  o f  them  meet the requirem ents ju s t spec ified .

A  usefu l index w h ich  is reported  by m any ra il tra n s it sys tem s is the k ilo w a tt-  

hour per car-m ile . There are tw o  m ajor prob lem s w ith  the re p o rting  o f th is  index. 

F irs t, energy on som e sys tem s includes both tra c tio n  and support com ponents, w h ile  

on o the r sys tem s o n ly  the tra c tio n  com ponent is included. S econd ly , k ilow a tt-h ou rs  

per c a r-m ile  varies  w ith  the types o f tra ins being run, the ro u te s  on w hich they run 

and the tim e  o f  day and day o f  week on w h ich  they  operate.

A ll ind ices, w h ich  are reported , are based on "a ve ra ge " p ro pe rtie s  o f the trans it 

sys te m  and are m ost usefu l when com paring the e ffe c ts  o f  energy conserva tion  

s tra teg ie s  w ith  o ther type s  o f  operation.



2.3. ENERGY CONSUMPTION RELATED DESIGN AND OPERATING PARAMETERS

The design and operating param eters w h ich  in fluence  energy use, pow er demand 

and u ltim a te ly  energy cos t can be grouped in to  s ix  broad categories:

1. General tra n sp o rta tio n  system  ch a rac te ris tics  such as passenger vo lum es, 
headways, s ta tio n  dw e ll tim es, speed, acce le ra ting  and braking rates and 
sizes o f  tra ins,

2. Right o f  w ay characte ris tics  such as m ile s  o f  track, num ber o f  s ta tion s , 
s ta tio n  spacing, grades, speed re s tr ic tio n s  and curves,

3. Pow er tra nsm iss io n  and d is tr ib u tio n  sy s te m  characte ris tics  such as 
im pedances, vo ltag e  ranges, typ e  o f  tra nsm iss io n  and d is tr ib u tio n  
ne tw orks  and substa tion  equipm ent.

4. Vehicle  characte ris tics  such as e m p ty  w e igh t, tra in  resistance
ch aracte ris tics , aux ilia ry  pow er required and ro ta tio n a l w e ight.

5. Vehicle  p ropu ls ion  and braking sys tem  ty p e  and characteris tics.

6 . S upport pow er requirem ents.

Each o f  these ca tegories are d iscussed in m ore  deta il in the fo llo w in g  sections*

2.3.1. General Transportation System Characteristics

Passenger vo lum es between the s ta tio n s  th roughout the day in fluence both  the 

d w e ll tim e  at s ta tio n s , running tim e  betw een  s ta tio n s  and vehicle  w e igh t betw een 

s ta tions. During the peak periods, w h ich  u sua lly  occur during the m orn ing  and 

evening rush hours on w eekdays, energy use on a k ilo w a tt-h o u r per ca r-m ile  basis  is 

usua lly the highest. This high energy use re su lts  fro m  m ovem ent o f heavier cars, 

shorte r headways in passenger loading and, tra in  in te rfe rence  because o f  a dd itio n a l 

t ra f f ic  requirem ents to  m eet the peak.

The m in im um  headway is genera lly  in e ffe c t  during the peak ra il tra n s it 

opera ting  periods. In term s o f  pow er dem and, the peaks w il l  occur during the tim e  

o f m in im um  headway. Bunching, w h ich  occurs  because o f  t ra f f ic  in te rfe rence , and 

-subsequent "ca tch  u p " opera tion  can even cause higher pow er demand in m any cases.

D w ell tim e s  at the s ta tions  are gene ra lly  in the range o f 5 -  30 seconds. D w e ll
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t im e  in flu en ce s  both  the add itiona l length o f  tim e  the aux ilia ries  m ust run, and the 

schedule tim e  betw een te rm ina ls . I f  the s ta tio n  is exposed to  the outside  

e nv ironm en t, energy requirem ents fo r  passenger c o m fo rt (heating and a ir cond ition ing) 

are de te rm ined  b y  the doors  opened tim e . U n fo rtuna te ly , dw e ll t im e s  tend to  be 

longest during the peak opera ting  tim es.

Speed is one o f the m o s t s ig n if ic a n t param eters w h ich  determ ine energy 

requ irem ents  fo r  m ov ing  tra ins. M axim um  speed determ ines the k in e tic  energy w hich 

m ust be supp lied  to  the cars as w e ll as the w o rk  done against tra in  resistance 

(aerodynam ic drag and ro llin g  fr ic tio n ). Schedule speed, p ro po rtio n a l to  the recip roca l 

o f schedule tim e , is re la ted  to  the tim e  tha t auxilia ries m ust fu n c tio n , and thus, the 

to ta l a u x ilia ry  energy required. Schedule speeds on m ost ra il tra n s it sys tem s are 40 

-  60% o f  m axim um  speed.

A c c e le ra tio n  and braking rates are less s ig n ific a n t in the dete rm ina tion  o f 

energy consum ption . A cce le ra tio n  and braking ra tes are in the range 1.0 -  3.5 

MPHPS. High speed taper o f  braking ra tes is p racticed  on several ra il system s. A  

taper e x is ts  w hen braking begins at high speed at a lo w  rate and g radua lly  increases 

to  som e higher value at som e low er speed. In som e circum stances, regenera tion  o f 

b raking  energy (where e le c tr ic  m o to rs  are turned in to  genera tors, and pow er is fed  

fro m  the  m o v in g  tra in  to  o the r tra ins  o r s to rage  devices) is m ore e ffe c tiv e  i f  braking 

ra tes are low er. H ow ever, the e ffe c t on schedule tim e  b y  reducing braking ra tes 

m ust a lso  be considered.

A s  the num ber o f  veh ic les  (cars) per tra in  increases, so does energy 

consum ption . Because aerodynam ic drag law s are such tha t lead and tra ilin g  vehic les 

have the la rgest e ffe c t  (p is ton  and suction) on drag, rather than the internal, cars, the 

k ilo w a tt-h o u rs  per ca r-m ile  is  lo w e r fo r  longer tra ins. Heavy ra il tra ins  have fro m

1-12 cars and lig h t ra il tra ins  have 1-4 cars (pair o f cars).



2.3.2. Right of Wav Characteristics
Passenger s ta tion  spacing is an im p o rta n t param eter in the d e te rm ina tion  o f 

energy consum ption . Since the tra in  m ust be brought to  a s top  at each s ta tion , all 

k in e tic  energy is converted  to  heat and re leased to  the environm ent. The excep tion  

is tra n s it sys tem s w hich have regenera tive  braking. In th is  case, much o f  the k in e tic  

energy can be returned to  the line to  be used to  pow er o ther tra ins.

P ro file  characte ris tics  such as grades, curves and speed re s tr ic tio n s  are very  

im po rta n t to  energy requirem ents. M axim um  grades fo r  heavy ra il rap id  tra n s it lie  in 

the range o f  5-6%, w h ile  fo r  ligh t ra il tra n s it, m axim um  grades can be as high as 

10%. Curves have the ir m ost im p o rta n t in fluence  on energy consum ption  because o f 

the ir e ffe c t  on speed lim its  fo r  reasons o f s a fe ty  and passenger c o m fo rt. L im itin g  

speed means tha t tra ins  m ust s lo w  dow n  to  negotia te  curves, thus, g iv in g  up the ir 

k in e tic  energy. Curve res is tance , w h ich  is a part o f  tra in  resistance, is less 

in flu e n tia l on energy consum ption . The net energy required to  p rope l tra ins  increases 

in the n e g o tia tio n  o f grades o n ly  when tra ins  are required to  brake on dow n grade 

sections. The g ra v ita tion a l e ffe c t  w o u ld  a llo w  com p le te  energy re co ve ry  (m inus the 

e le c tr ica l losses).

2.3.3. Pow er Transmission and D istribution Characteristics

For ra il rap id  tra ns it, pow er tra n sm iss io n  re fe rs  to  that p o rtio n  o f the e le c tr ica l 

n e tw o rk  betw een the m etering  p o in ts  o f  the e lec tric  u t ilit ie s  and the tra n s it 

substa tions, w h ile  pow er d is tr ib u tio n  re fe rs  to  the po rtion  fro m  and inc lud ing  the 

tra n s it subs ta tions  to  the pow er c o lle c t io n  apparatus on the tra ins . In general, pow er 

tra nsm iss io n  is accom plished at h igh v o lta g e  AC, w h ile  pow er d is tr ib u tio n  is e ffe c te d  

at lo w e r DC vo ltag e s  (600-1000v).

E lec trica l transm iss ion  and d is tr ib u tio n  losses, w hich run at 5-15% o f  to ta l 

pow er de live red  to  the m e tering  p o in ts , m ust be considered in an o vera ll energy 

balance. R eduction o f these losses is genera lly  accom plished by reducing the



9

e ffe c t iv e  im pedances (res is tive  portions) betw een the source o f supp ly and the tra ins. 

M any o f  the m odern tra n s it system s accom plish  th is  impedance reduction  by 

increasing  th ird  ra il and return ra il co n d u c tiv ity , the use o f  t ie  s ta tions , w h ich  tie  the 

th ird  ra il or t ro lle y  toge the r at several p o in ts  and n o rm a lly  ty in g  the w ho le  pow er 

d is tr ib u tio n  sys te m  together.

2.3.4. Train & Vehicle Characteristics

The p rin c ip a l vehic le  param eters w hich a ffe c t energy consum ption  are em pty  

w e ig h t, passenger loading, shape and cross sectiona l area, and aux ilia ry  pow er.

E m pty  ve h ic le  w e ig h t re fe rs  to  the vehic le  in opera tiona l co n d itio n  w ith o u t

passengers. For heavy ra il, em p ty  vehicle  w e ig h ts  range fro m  20-65 tons. For ligh t

ra il, e m p ty  veh ic le  w e ig h ts  range between 20-30 tons. For ligh te r ra il vehic les, the 

passenger load represents a larger percentage o f the to ta l w e igh t. A s a 

consequence, the energy expended per passenger-m ile , is expected to  be sm alle r fo r  

lig h te r w e ig h t vehic les,

The crush load, w h ich  represents a passenger loading o f 1 passenger per square 

fo o t  o f  area, is a lm o s t never realized in p ractice. Even in  dense ly packed subw ay 

tra in s  during peak opera ting  hours, scheduling p ractice , human resistance and access

to  the cars during  these periods ra re ly  a llo w  th is  co nd itio n  to  ex is t. A  m ore

reasonable  num ber to  use when considering veh ic le  gross w e igh t is 60-80% o f  crush 

load during  the peak. A  fe w  in te rs ta tion  tr ip s  m ay have 90-95% o f crush load fo r  

short t im e s  during  the peak period.

V eh icle  aerodynam ic cross section  and shape in fluence the aerodynam ic p o rtio n  

o f  tra in  res is tance , and thus energy consum ption. This param eter is m ore im portan t 

fo r  h igher speed opera tion.



2.3.5. Vehicle Propulsion & Braking System Characteristics
A s used here, the term  p ropu ls ion  sys tem  re fe rs  to  the to ta l conve rs ion  o f 

e le c tr ica l pow er w h ich  is input at the pow er c o lle c to r to  mechanical pow er at the 

w heels o f  the vehicle. It gene ra lly  includes pow er co n tro l equipm ent, tra c tio n  

m o to rs , gear units and w heels. Figure 2-1 presents a b lock diagram  o f a general 

p ropu ls ion  sys tem , show ing  its  p rinc ipa l com ponents  and energy f lo w  paths.

Figure 2-2 show s the various pow er co n tro l un its  used on North Am erican ra il tra n s it 

system s. The o ldest, and m o s t m ature tech n o log y  is re s is to r sw itch ing , w h ich  is 

accom plished by using a cam -d riven  (pneum atic o r e lectric ) series o f  sw itch e s  to  

co n tro l m o to r vo ltage . The present s ta te  o f  the art tech n o log y  is the chopper 

co n tro l, w h ich  acts as a fa s t opera ting  sw itch  to  co n tro l the vo ltage  to  the m otors . 

B o th , schem es, re s is to r s w itch in g  and chopper co n tro l operate w ith  DC tra c tio n  

m o to rs . The DC tra c tio n  m o to r, w h ich  is a lso a mature techno logy, is o f tw o  types: 

the series m o to r and the separa te ly  excited  m o to r. C ontro l o f  tra c tio n  m o to rs  m ay 

a lso  be e ffe c te d  in a gross m anner by sw itch in g  the m o to r c ircu it co n fig u ra tio n . 

This la tte r m ethod o f c o n tro l is illu s tra te d  in Figure 2-3, toge the r w ith  m o to r f ie ld  

co n tro l. By a llo w ing  less curren t to  pass through the DC m o to r f ie ld  re la tive  to  the 

arm ature, e ither by  shunting the f ie ld  or through separate f ie ld  e xc ita tio n , a larger 

tra c tiv e  e f fo r t  can be achieved at higher speed opera tion.

Thus, in DC m o to r ope ra tion , co n tro l o f the tra c tiv e  e f fo r t  can be achieved by 

m o to r c irc u it sw itch ing , f ie ld  co n tro l and chopper co n tro l or re s is to r sw itch ing . 

S e lec tion  o f  the p articu la r m ethod is genera lly  based on supp lie r a v a ila b ility  and 

in it ia l co s t to  m eet certa in  perfo rm ance  c rite ria . However, the se le c tion  w i l l  a lso 

e ffe c t energy consum ption . R esis to r sw itch in g  tends to  be m ore e ff ic ie n t on ra il 

tra n s it sys tem s w ith  long d is tances betw een s ta tion s  {>1.0 m ile), w h ile  chopper 

co n tro l tends to  be m ore e ff ic ie n t  on sys tem s w ith  short d istances betw een s ta tion s  

(<1.0 m ile). The use o f  chopper co n tro l to  regenerate braking energy to  p o w e r o ther 

tra ins , w il l  make the chopper co n tro l tra in  m ore energy e ff ic ie n t.
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Braking sys tem s on ra il tra n s it sys tem s re ly  on the p ro pu ls ion  sys te m  to  supp ly 

dynam ic braking e ffo r t .  Under norm al opera tion, f r ic t io n  brakes are used to  

supp lem ent dynam ic  braking and are "b le n d e d " in to  the sys te m  to  keep the to ta l 

braking fa te  at required perfo rm ance  leve ls. Under em ergency co n d itio n s , it  is 

norm a l p rac tice  to  use f r ic t io n  brakes as the last resort, and the em ergency braking 

rate is usua lly  quo ted  e xc lu s ive ly  on f r ic t io n  braking.

F ric tio n  braking  and dynam ic braking, w hich dumps e le c tr ic a l energy in to  

re s is to r g rids  o r in to  tracks  (track brake), convert e lec trica l energy in to  heat energy. 

D ynam ic braking, w h ich  changes m echanical energy in to  e le c tr ica l energy, is ca lled  

regenera tive  braking. Som e o f  th is  regenerated energy is used to  p rope l o ther tra ins, 

thus reducing  the am ount o f  energy tha t the u t i l i ty  m ust supply. A ll regenera tion  oh 

N orth  A m erican  tra n s it sys tem s is accom plished using chopper c o n tro lle d  p ropu ls ion  

sys tem .

The use o f  the AC d rive  (inve rte r co n tro lle d  three phase AC induction  m otors) 

is becom ing  m ore com m on on new  ra il tra n s it car o rders in Europe. It is expected 

tha t N orth  A m erica  w i l l  fo l lo w  su it in the future.

The U.S; D epartm ent o f T ra n spo rta tio n  has sponsored an AC d rive  deve lopm ent 

p rogram  over the past several years. Som e o f the goals o f  th is  AC d rive  program  

are as fo llo w s :

1. D em onstra te  tha t low -m ain tenance , e n e rg y -e ffic ie n t AC in d uc tio n  m o to rs  
can be su cce ss fu lly  applied in tra c tio n  service.

2. D eve lop  a sys tem  to  be p riced  c o m p e tit iv e ly  w ith  DC chopper con tro l 
sys tem s.

3. D em onstra te  tha t reduced m aintenance and energy usage w ith  AC 
p ro pu ls ion  w i l l  realize substan tia l li fe  cyc le  cost b ene fits .

4. Design a sys te m  fle x ib le  enough to  m eet a w ide  range o f  present and 
fu tu re  tra n s it app lica tions.

The AC d rive  and chopper co n tro l are ve ry  co m p e titive  fro m  the po in t o f v ie w



o f energy consum ption . A ctua l, s ite -s p e c if ic  analyses m ust be conducted to  

determ ine w h ich  w i l l  consum e less energy. These analyses are not part o f  the 

UM TA program .

2.3.6. Support Pow er Requirements

E lec trica l energy use on tra n s it s y s te m s  can be d iv ided in to  tw o  broad 

ca tegories, tra c tio n  and support. A ll o f the param eters, p rev ious ly  d iscussed, w h ich  

a ffe c t energy use, re fe rred  to  tra c tio n  energy. A u x ilia ry  support pow er aboard the 

car is a lso in teg ra ted  in to  tra c tio n  energy, s ince  it  m ust be m etered a long w ith  

p ropu ls ion  pow er.

The suppo rt end uses are a ir co n d itio n in g , heating, ligh ting , esca la to rs  and 

e leva to rs , tunnel v e n tila tio n , s ignal &  com m u n ica tion  equipm ent and running o f 

m echanical dev ices.

The e le c tr ica l se rv ices to  the su pp o rt fu n c tio n s  ju s t enumerated are p rov ided  to  

the passenger s ta tio n s , w ays ide , o f f ic e  bu ild in gs , maintenance fa c ilit ie s  and co n tro l 

fa c ilit ie s .

2.4. TRACTION ENERGY BALANCE

T ra c tio n  end uses are the running o f  the tra ins  and p ro v is io n  o f aux ilia ry  

support p o w e r aboard the vehicles. A ll o f  th is  energy is de live red  to  the vehic les 

v ia  the pow er tra nsm iss io n  and d is tr ib u tio n  subsystem  through the pow er c o lle c to r. 

Figure 2-4 p resen ts  a diagram  o f  the d e ta ile d  end uses o f pow er rece ived  at the 

pow er c o lle c to r  o f  a ty p ic a l ra il tra n s it veh ic le . Since th is  veh ic le  regenerates 

energy upon braking, the gross e le c tr ica l input is  the sum o f the net e le c tr ica l input 

and the regenera ted  energy.
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3. RAIL SYSTEM DESIGN AND CONSTRUCTION

3.1. OVERVIEW

Rail sys tem  design and construction  re fe rs  both to  new  ra il system s or to  

a dd itio n s  to  or extensive  m o d ific a tio n s  o f  o ld  ra il sys tem s. A s a rule, energy 

m anagem ent can produce its  h ighest p a y o ff when it is in it ia te d  p rio r to  design and 

co ns tru c tio n , because lo w  energy cost techno logy  can be engineered in to  the sys tem  

at the outset.

Design and co n s tru c tio n  o f  a ra il system  is usua lly  d iv id e d  in to  f iv e  phases, a ll 

o f  w h ich  genera lly  overlap:

1. Planning

2. Design

3. Procurem ent and C onstruc tion

4. Testing

5. In itia l Revenue O peration

There are a c tiv it ie s  associa ted  w ith  reduction  o f  energy co s t and im provem ent 

o f  energy e ff ic ie n c y  in each o f  the f iv e  phases. During phases 1-3, analyses are 

conducted  to  de te rm ine  the energy cos t consequences o f  m a jo r p lanning, design, 

p rocurem ent and co n s tru c tio n  decis ions. These costs  m ust be included in the o ve ra ll 

c o s t-e ffe c tiv e n e s s  eva lua tions as part o f  the decis ion  m aking  process. It is a lso  

during th is  tim e  (phases 1-3) tha t m ajor energy conse rva tion  s tra teg ies  are designed 

in to  the sys tem , p rov ided  tha t these stra teg ies are a lso  c o s t-e ffe c tiv e . During 

phases 4-5, v e r if ic a tio n  o f the energy cost and e ff ic ie n c y  m odel o f  the ra il sys tem  

is conducted. W hat genera lly  resu lts  fro m  the v e r if ic a tio n  process, is a fine  tuning 

o f  the m odel, so tha t it can be used during fu ll revenue o pe ra tion  o f  the system . 

The use o f  the m odel during revenue opera tion  o f  new  and o ld  ra il system s is 

d iscussed in S ection  4.0.



The energy m anagem ent a c tiv it ie s  appropria te  to  each o f the f iv e  phases o f  ra il 

sys tem  design and co n s tru c tio n  are d iscussed in the fo llo w in g  subsections.

3.2. PLANNING PHASE

During the p lanning phase o f a ra il sys te m , an energy management p lan is 

assem bled. This plan conta ins an o u tline  o f  a ll o f  the tasks necessary to  in teg ra te  

energy cos t reduction  and im proved  energy e ff ic ie n c y  in to  the design, p rocurem ent 

and co ns tru c tio n  o f  the ra il sys tem  and subsequent v e rif ic a tio n  o f  th is  in teg ra tion .

The fo llo w in g  issues are addressed in the plan:

1. Id e n tif ic a tio n  o f  a na ly tica l s tud ies to  be undertaken during design. Which 
m ay have a s ig n ific a n t energy co s t com ponent.

2. P re lim inary  d iscuss ions  w ith  the e le c tr ic  u t i lit ie s  w hich w i l l  p rov ide  p o w e r
to  the ra il sys tem , to  de te rm ine  the range o f op tions  o f  pow er ra te
structure  available.

3. M anagem ent c o n tro ls  to  assure tha t sh o rt term  design decis ions, w h ich  
have a m ajor energy co s t o r e ff ic ie n c y  im pact, are considered. This m ay 
include appo in tm en t o f  an energy m anagem ent o ff ic e r .

The ana ly tica l s tud ies  undertaken during the design phase should include the 

in ve s tig a tio n  o f c o s t-e ffe c tiv e  energy co n se rva tio n  and load management s tra teg ies .

The com ponents  o f  the energy m anagem ent plan are discussed in the  next 

section .

3.3. DESIGN PHASE

During th is  phase o f  the design and co n s tru c tio n  process, energy c o s t and

e ff ic ie n c y  tra d e -o ff  s tud ies are conducted. The use o f the Energy M anagem ent 

M odel (EMM) or s im ila r s im u la tio n  to o ls  fo r  those  stud ies in vo lv in g  tra c tio n  energy is

h igh ly  recom m ended. S tud ies should be conducted  in the fo llo w in g  areas.
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3.3.1. Route Selection

A lth ou g h  rou te  se lec tion  is usua lly  in itia te d  during the planning stage o f the 

design and co n s tru c tio n , it  is tru ly  a part o f  design. There is an energy cost 

com ponent to  rou te  se lec tion , w h ich  has not genera lly  been considered in w e igh ing  

a lte rna tive s . Topography and route  d irectness can have an im po rta n t in fluence  on 

energy c o s t during  subsequent revenue opera tion . I f  the energy cos t com ponent o f  

a lte rn a tive  rou tes  is estim a ted  and included am ong the o ther co s t cons ide ra tions  in 

the a lte rn a tiv e  rou te  ana lys is  w o rk , a m ore com p le te  p ic tu re  is obta ined b e fo re  a 

dec is io n  on the fin a l rou te  is made. Factors w h ich  should be considered are:

1. Grades and Curves vs. Tunnels

2. Grades, Curves and O u t-o f-W ay D istance vs. D irect. R o u te s ,

3. G ra v ity  assistance  during acce le ra tio n  and braking

Grades cause energy to  be expended w henever braking is required on the 

d o w n h ill se c tion s . Curves cause energy to  .be expended because o f  curve resistance 

to  m o tio n  and because o f c o m fo rt and s a fe ty  speed lim its  im posed in curved 

se c tion s  o f  the rou te . The speed lim its  require., tra ins  to  brake, los ing  som e o f  the 

energy o f  m o tio n  to  heat.

Because o f  expensive r ig h t-o f-w a y  a cqu is ition  and/or te rra in  m o d ific a tio n , less 

d ire c t rou tes  m ay be considered w h ich  add longer d is tances and im pose track 

curvature. These less d irect routes so m etim es carry  w ith  them  an energy cost 

pena lty  w h ich  w o u ld  be paid over the life t im e  o f the sys tem . This energy cost 

pena lty  shou ld  be fa c to re d  in to  the analyses p rio r to  m aking the dec is ion  fo r  the 

less d ire c t rou te .

During rou te  se le c tion  in congested  areas, such as urban centers, the e ffe c t o f  

g ra v ity  ass is tance  in acceleration  and braking should be considered. A s  used here, 

the te rm  g ra v ity  assistance re fe rs  to  up-graded sections when tra ins  are m oving  in to  

lo w e r speed (inc lud ing  stops at s ta tion s ) and dow n-grade sections  when tra ins  are



moving into higher speed regions.

The energy e ffe c t o f rou te  se le c tion  a lte rna tive s  can be es tim a ted  using tra in  

perfo rm ance  s im u la tio n , and s im p ly  com paring  energy costs fo r  the d iffe re n t routes 

considered.

3.3.2. S tation Locations

There can be s ig n ifica n t energy co s t im p lica tio n s  in the lo ca tio n  o f  passenger 

s ta tions . The te rm  loca tion  re fe rs  bo th  to  the ve rtica l (above /a t/be low  grade) and the 

geographica l. S ta tio n s  located fa r b e lo w  the surface require energy fo r  ligh ting , 

esca la to rs , e leva to rs  and env ironm enta l co n tro l. A lso , s ta tio n s  located  deeper 

underground than adjacent s ta tion s  could  cause m ore tra c tio n  energy to  be expended 

because o f  adverse grades negotia ted  by  tra in s  in the ingress and egress to  the 

s ta tion . D isp lacem ent o f the s ta tio n  fro m  the general d irect rou te  w i l l  also have 

energy co s t im p lica tion s . These co s ts  are estim ated using tra in  perfo rm ance

s im u la tion . The change in support energy required as a lte rna tive  ve rtica l s ta tion  

lo ca tion s  are considered should a lso  be es tim a ted  to  com ple te  the analysis.

3.3.3. Track N etw ork

The track n e tw o rk  re fe rs  to  the num ber o f  paralle l tracks, inc lud ing  turn backs 

and s id ings, a long the route. S e lec tion  o f  the track netw ork can s ig n if ic a n tly  a ffe c t 

both  energy cos t and e ff ic ie n c y . The use o f turnback tracks at in te rm ed ia te  s ta tions  

a llo w s  the f le x ib il i ty  o f b e tte r passenger loading  during both  peak and o ff-p e a k  

hours. L ikew ise , reg ions o f  three o r fo u r para lle l tracks or s id ings  a llo w  running o f  

loca l and express serv ice  to  o p tim ize  passenger loading.

In a d d itio n  to  s p e c ific  energy co s t and e ff ic ie n c y  com ponents, se lec tion  o f the 

track n e tw o rk  has an e ffe c t on o ve ra ll tra n s it p ro d u c tiv ity .
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3.3.4. Passenger S tation Accommodations

A c co m m o d a tio n s  and services fo r  passengers in s ta tio n  areas wiJI use energy. 

The energy c o s t is recurring over the life tim e  o f the s ta tion . There are several 

issues o f  energy use in passenger sta tions, w h ich  should be addressed in the design:

1. L igh ting  S e lec tion  vs. A rch itectu re

2. L igh ting  S e le c tio n  vs. S ecurity  &  S a fe ty

3. A ir  C ond ition ing /H ea ting  vs. Passenger C o m fo rt

4. E scala tor and E levato r C ontro l

5. A u tom a tic /M anua l/C onven ien t S w itch ing  O ff  o f S e lected  Support S ystem s

D esign o f  passenger s ta tion s  fo r  m odern ra il tra n s it should cons ide r the energy 

co s t com ponent.

C on tro l o f  se lec ted  support system s, such as L ighting , A ir  C ond ition ing , Heating, 

E scala tors and E levato rs  can a llo w  p o rtion s  o f  the sys tem  to  be sw itched  o f f  at 

se lected  c r it ic a l t im e s , e ither when demand is reaching its  m axim um  or w hen no t 

required.

3.3.5. Pow er Transmission and Distribution

M any co n s id e ra tio n s  a ffe c t energy cos t in the se le c tion  o f  the pow er 

tra n sm iss io n  and d is tr ib u tio n  system 's  ne tw ork  co n fig u ra tio n  and com ponents. These

co ns ide ra tio ns  are:

1. P hysical la yo u t

2. Inve rte r/E nergy  s torage substations

3. C ircu it c o n d u c tiv ity

4. N om inal V o ltag e  and V o ltage to lerances

5. P ow er fa c to r

6 . C ircu it m o n ito r in g



3.3.5.1. Physical Layout

The physical layout o f  the pow er transm iss ion  and d is tr ib u tio n  system  can 

a ffe c t energy consum ption. For support sys tem s, it  is im po rta n t tha t substa tions be 

loca ted  near support equ ipm ent to  reduce transm iss ion  and d is tr ib u tio n  losses. In 

a dd itio n , substa tion  ra tings shou ld  be chosen near the loads the y  w il l  serve. I f  

ra tings  are to o  high, no-load  losses w il l  be to o  high fo r  the loads served. The same 

cons ide ra tions  app ly to  the tra c tio n  d is tr ib u tio n  netw ork. S ubsta tion  loca tion  should 

be as phys ica lly  near the tra ck  as p rac tica l. I f  the d is tr ib u tio n  sys tem  is DC, it 

should be no rm a lly  tie d  to g e th e r e le c tr ic a lly . T y ing  the system  toge the r w ill reduce 

losses and a llo w  regenerated p o w e r to  be b e tte r used by o ther tra ins.

The physical layout m ust a lso  guarantee uninterruptab le  and adequate pow er to  

m eet tra n s it needs in a re liab le  fash ion . In m any cases th is  is accom plished using a 

dual feeder system .

3.3.5.2. Inverter/Energy Storage Substations

Energy storage devices in substa tions  can be used * fo r load management 

purposes or fo r  assuring tha t pow er regenerated by tra ins  is absorbed during non

peak operating periods. L ikew ise , in ve rte r substa tions, in w h ich  regenerated pow er 

can be returned to  the e le c tr ic  u t i l i ty ,  are a lso  used to  assure re c e p tiv ity  o f  

regenerated pow er.

Both energy storage dev ices  in subs ta tions  and inverte r substa tions  lie  in the 

advanced tech n o log y  area. The value o f  reducing m axim um  pow er demand w as 

recognized by the New York C ity  T rans it A u th o r ity  in the late I960's and early  I970's 

w hen they  in itia te d  research in to  a b a tte ry  storage system  fo r  peak load shaving. In 

th is  proposed storage sys tem , som e o f the required peak pow er has to  be supplied 

fro m  ba tte ries, w h ich  are charged during o ff-p e a k  operating tim e s . Peak load shaving 

m ay be o f  value when the dem and com ponent o f  the e lec tric  b ill is s ig n ifica n t. This 

s tra te g y  fo r  reducing pow er c o s t is ve ry  se ns itive  to  the dem and charge. No
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p ro to ty p e s  o f  such system s are ye t available.

Inve rte r substa tions and energy storage devices, w hich are used to  assure 

re c e p tiv ity  o f  regenerated pow er, have not ye t advanced to  p ro to typ e  stage. The 

value o f these advanced techno logy devices in saving  energy is s t ill d isputable. 

A lthough  during periods o f  ligh t trans it system  loading, when natural re c e p tiv ity  is 

lo w , energy m ay be saved using these devices; during periods o f  heavy loading, 

w hen natural re c e p tiv ity  is high, these devices m ay com pete  w ith  o ther tra in s4
absorb ing  the pow er causing a net increase in energy consum ption.

The exact value o f energy savings using s torage devices in substa tions o r 

in ve rte r subs ta tions  depends upon a com plex set o f  physica l and opera tiona l 

ch a rac te ris tics  o f the tra n s it system  as w e ll as in s titu tio n a l variab les (in the case o f  

an in ve rte r substa tion , the u t i l i ty  may n o t g ive fu ll c re d it fo r  returned pow er) 

in v o lv in g  the e le c tr ic  u tilit ie s  serving the sys tem . A s a consequence, it  is necessary 

to  p e rfo rm  a s ite -s p e c ific  study using the EMM or s im ila r tool,- to  determ ine the 

p o te n tia l fo r  energy savings. There is a lso  a technica l risk  fa c to r invo lved , since 

none o f the devices are ye t proven in the tra n s it app lica tion .

3.3.5.3. C ircuit .Conductivity

A lthough  i t - i s  desirable to  have the c o n d u c tiv ity  o f  bo th  tra c tio n  and support 

pow er e le c tr ica l c ircu its  as high as p ractica l to  reduce e le c tr ica l losses and aid fa u lt 

de tec tion , th is  d iscussion  w ill be concerned w ith  tra c tio n  pow er d is tr ib u tio n  c ircu its . 

There is an econom ic  tra d e o ff o f the capita l cos t o f  bu ild ing  high c ircu it c o n d u c tiv ity  

in to  the tra c tio n  pow er c ircu its  against the savings in energy cos t rea lized by  

reducing losses and increasing the natural re c e p tiv ity  o f the tra c tio n  pow er sys tem  

w hen using regenera tive  braking.

The c o n d u c tiv ity  o f the tra c tio n  pow er c ircu its  can be made high by any o r a ll 

o f  the fo llo w in g  m ethods:

1. Increasing the co n d u c tiv ity  o f the th ird  ra il o r t ro lle y  by using m ore

i



conductive  m ateria l per unit length or by  using  a cable in paralle l w ith  the 
th ird  ra il o r t ro lle y , ty in g  them toge the r at m any po in ts.

2. Increasing the c o n d u c tiv ity  o f the nega tive  return by e le c tr ic a lly  
connecting  m ore running ra ils  in para lle l and /or by using cable in para lle l 
w ith  the .runn ing  ra ils  ty in g  them toge the r at m any points.

3. Increasing the num ber o f substa tions per u n it length o f route  so that the 
d istance betw een feed  po in ts  and pow er c o lle c to rs  is sm aller.

4. The use o f t ie  s ta tio n s  between subs ta tions  to  e ffe c t iv e ly  feed the pow er 
through m ore para lle l paths to  the tra ins.

A nyone  o f these m ethods fo r  increasing tra c tio n  pow er c ircu it c o n d u c tiv ity  

invo lves  m ore cap ita l and som etim es m ore o pe ra ting  expense, w hich m ust be traded 

o f f  against energy co s t savings. Factors w h ich  m ust be accounted fo r  in e s tim a tin g  

the cost o f ach ieving  high tra c tio n  pow er c irc u it c o n d u c tiv ity  include c irc u it 

p ro te c tio n  requirem ents, m aintenance requ irem ents  and the add itiona l c o s t fo r  

achieving the c o n d u c tiv ity  in m ateria ls  and com ponents .

3.3.5.4. Nominal Voltage and Voltage Tolerance

S election  o f  the nom inal vo ltage  under w h ich  pow er js  de live red  to  the tra ins  is 

usually governed by the k ind  o f tra c tio n  equ ipm ent available  on the m arket toge the r 

w ith  s a fe ty  cons ide ra tions. For m odern tra c tio n  system s fo r  heavy and lig h t ra il, 

nom inal vo ltages  in the range 600-1500 VDC have been se lected. These vo ltages have 

been 600, 750, 1000 (BART), and 1500 (European). C om m uter ra il sys tem s in the 

United S tates have been run at 3000 VDC, but m odern iza tion  program s have replaced 

these w ith  25kv AC.

Higher nom inal vo ltages  tend to  reduce tra c tio n  pow er d is tr ib u tio n  losses, but 

at the same tim e  require  m ore in it ia l co s t because o f requirem ents fo r  insu la tion , 

p ro te c tio n  and grounding. T rac tion  pow er sys te m s  outside the range 600-1500 VDC 

do not now  ex is t in th is  coun try.

The second voltage consideration is the maximum and minimum traction power
distribution voltage allowed because of its effect on traction or other components in
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regenera tion  ca p a b ility , and hence the natural re c e p tiv ity  o f  the sys tem . L ikew ise, 

the ra tio  o f  the m inim um  to  nom inal vo ltage  a ffe c ts  the losses in the pow er

d is tr ib u tio n  sys tem , w ith  m odern tra c tio n  equipm ent. The io w e r ra tio  genera lly  

m eans m ore  losses.

S tandards fo r  tra c tio n  pow er d is tr ib u tio n  have genera lly  been (+10%) and (-20%) 

on nom ina l vo ltage , and m o s t com ponents and equipm ent opera ting  w ith in  these

c irc u its  are designed to  these standards. In the ligh t o f the increased use o f

regenera tion , the standards should  be re-evaluated. For exam ple, a larger m axim um  

v o lta g e  w o u ld  increase natural re c e p tiv ity  o f  regeneration, how ever, standard 

equ ipm ent w h ich  to le ra te s  the higher vo ltage  fo r  substa tions, t ie  s ta tio n s , p ropu ls ion  

and a ux ilia ries  m ay be d if f ic u lt  to  find .

3.3.5.5. P ow er Factor

Som e e le c tr ic  u tilit ie s  im pose pow er fa c to r pena lties on th e ir cus tom ers  in the 

fo rm  o f  increased charges. W ith  m ost tra c tio n  and support pow er sys tem s, pow er 

fa c to r  is no t a r prob lem . In s ta lla tio n  o f  pow er fa c to r co n tro l equ ipm ent genera lly  

e lim in a te s  th is  prob lem .

3.3.5.6. C ircuit M onitoring

C ircu it m o n ito rin g  (pow er, vo ltage , current) is im portan t when the data obta ined 

are used to  achieve som e o b je c tive s . The concern here w i l l  be to  m o n ito r pow er 

and v o lta g e  o f  both  tra c tio n  and support pow er e lec trica l c irc u its  in o rder to  reduce 

e le c tr ic a l energy cost.

P ow er dem and m o n ito r in g , w hich fo rm s  the basis fo r  com puting  energy cost, 

can be accom plished  at three d if fe re n t leve ls; real tim e , batch p rocess ing  and e lec tric  

b ill ana lys is . O nly real t im e  m o n ito r in g  need be considered in ra il design and 

co ns tru c tio n .

the system. The ratio of the maximum to nominal voltage affects the range of



Power dem and m o n ito rin g  in real tim e  w ou ld  be required fo r  a load 

management sys tem . The o b je c tiv e  is to  m o n ito r the pow er dem and trend over the 

early  p o rtio n  o f  the demand in te rva l and p re d ic t the pow er demand fo r  the in terva l. 

In its  m ost so ph is tica te d  fo rm , the m o n ito r sys tem  w ou ld  issue a w arn ing  or 

response upon p re d ic tio n  tha t the dem and leve l w i l l  exceed preset values.

3.3.6, Preliminary Rate S tructure Review

It is during  the early  p o rtio n  o f  the design phase that a p re lim in a ry  eva lua tion  

o f the pow er ra te  s tructure  should be conducted. A ll o f  the e le c tr ic  u tilit ie s  w h ich  

could  p ro v id e  pow er to  the ra il sys tem  should be ide n tified . L ikew ise , a ll o f  the 

pub lic  U tility  co m m iss io ns , w h ich  have ju r is d ic tio n  over rate and serv ice  m atters  

should also be lis ted . In som e cases, such as the W ashington D. C. M e tro ra il, m ore 

than one u t i l i t y  p rov ides  pow er to  the sys te m  and the system  extends in to  m ore 

than one ju r is d ic tio n . There are several s teps in the rate structure  eva lua tion  process.

The f ir s t  s tep  in the eva lua tion  is to  determ ine in to  w h ich  custom er c lass the 

u tilit ie s  in tend to  put the ra il system . I f  a ra ilw a y  custom er c la s s ific a tio n  is a lready 

recognized w ith in  the ju r is d ic tio n , then it  is lik e ly  tha t the new  se rv ice  w o u ld  be 

grouped in to  tha t class. I f  such a c lass does not ex ist, then it  is lik e ly  tha t the 

u t i l i ty  w il l  w a n t to  put the se rv ice  in to  one o f  the ex is ting  co m m e rc ia l/ind u s tria l 

custom er c lasses. This m ay no t be appropria te  in te rm s o f the ra te  based on the 

u ti lit ie s ' co s t to  serve the ra il sys tem  as a custom er. To conduct th is  f ir s t  s tep  o f  

the eva lua tion , m anagem ent fro m  the ra il sys tem  should meet w ith  u t i l i ty  personnel. 

These m eetings should be fo rm a lize d  in the sense tha t deta iled  reports  should be put 

toge the r fo r  the record. P rio r to  the m eeting , a ra il system  team  should undertake 

som e w o rk  to  fa m ilia r iz e  its e lf  w ith  ta r i f fs ,  e x is ting  custom er classes, opera ting  

revenues and expenses o f  the u t i l i ty ,  custom er class load characte ris tics , and 

s ig n ific a n t ra te  m aking po lic ies .

The second step in the preliminary rate structure evaluation is the review of the
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s p e c ific  rate tha t the u tilit ie s  in tend to  charge the ra il system . This re v ie w  should be 

conducted  to  de te rm ine  rate fa irness  to  the tra n s it system  and fo r  the purposes o f 

de te rm in ing  the c o s t o f  energy fo r  various scenarios o f  rail equipm ent se le c tion  and 

o pe ra tiona l s tra teg ies , w h ich  m ay be investiga ted  during the design process. The rate 

should  re f le c t cus tom er and load characte ris tics  o f  the ra il system . It should be ju s t, 

reasonable, n o n -d isc rim in a to ry , and based on the co s t o f  p rov id ing  serv ice .

The th ird  step  is to  conduct a tra d e o ff s tudy  on the ow nersh ip  o f  the excess or 

specia l tra n sm iss io n  lines fro m  the u ti lit ie s ' substa tions to  the feeds to  the ra il 

tra n s it substa tions. It is a general rule tha t when the tra ns it a u th o rity  ow ns these 

lines, the m eters are placed at the u ti lity 's  substa tion  and all pow er de live red  to  the 

tra n s it subs ta tions , w h ich  fee d  fro m  the u t i l i ty  substation, is recorded on a s ing le  

m eter. The pow er m ay a lso be m etered at a h igher vo ltage, w hich m ay mean a m ore 

fa vo ra b le  rate s truc tu re . By tak ing  pow er d e liv e ry  at a higher vo ltag e  leve l, a ra il 

tra n s it a u th o rity  can assure its e lf  over all lo w e r costs  o f p rov id ing  serv ice .

The tra d e o ff  s tud y  on the ow nersh ip  o f  the transm iss ion  lines m ay in vo lve  

m any uncerta in ties . The resu lts  o f  the s tudy  w i l l  depend on the rate structure  under 

w h ich  the ra il sys te m  w il l  rece ive  its  serv ice . A t th is  period  in the design stage, 

th is  m ay be an unknown. W hat should be done, how ever, is to  conduct the s tudy  on 

the basis  o f  severa l poss ib le  scenarios, each o f  w h ich  is lik e ly  to  occur.

During the p re lim in a ry  ra te  structure  re v ie w , several m eetings should  be held 

w ith  the e le c tr ic  u t i l it ie s  w h ich  w il l  serve the system . These in itia l m eetings w i l l  set 

the to n e  fo r  subsequent rate nego tia tions .

3.3.7. Vehicles

The veh ic les  to  be used to  make up the tra in  consis ts  w h ich  are used fo r  

revenue se rv ice  are an im p o rta n t cons ide ra tion  in assessm ent o f  energy consum ption . 

There are severa l w a ys  tha t the ra il vehic le  in fluences energy consum ption . One w a y



is through the physical ch aracte ris tics , p r in c ip a lly  w e igh t and phys ica l d im ensions. 

S e lec tion  o f p ropu ls ion  and braking subsystem s a lso has a large in fluence  on energy 

consum ption  w h ile  the tra ins  are running. The aux ilia ry  pow er requ irem ent on-board  

the car in fluences tra c tio n  energy since tha t pow er m ust be d e live red  to  the car via 

the tra c tio n  pow er d is tr ib u tio n  sys tem  (th ird  ra il o r tro lle y ). F ina lly , cha rac te ris tics  o f 

the car or f le e t that can in d ire c tly  a ffe c t  energy consum ption  are grouped under 

opera tiona l f le x ib il i ty .  These ch a rac te ris tics  genera lly  re fe r to  the  a b ility  to  m atch 

ca r-m iles  to  passenger-m iles using the m in im um  num ber o f ca r-m iles . Such th ings  as 

quick uncoupie/couple  opera tions and the a b ility  to  use cars as head ends and in 

in te r io rs  o f tra ins provide  th is  opera tiona l f le x ib il i ty .

3.3.7.1. Vehicle Weight

Vehicle em pty  w e igh t co n tribu te s  to  the energy consum ed by tra ins. 

Percentagew ise, energy savings w h ich  resu lt fro m  vehicle  w e ig h t reduction  are less 

than the percent w e igh t rem oved fro m  the car. H ow ever, the  num ber o f  m iles  

accum ulated by the car during its  life t im e  is substantia l.

An index, de fined  as

% Energy C onsum ption  Reduction 

% W eigh t Reduction

is som etim es used as a m easure o f  the rate o f change o f  energy consum ption  

w ith  w e igh t. T yp ica lly , th is  index ranges betw een 0.1-0.4 fo r  ra il tra ns it, w h ich  

means tha t i f  10% o f the w e ig h t can be taken out o f a tra n s it car, a 1-4% savings in 

tra c tio n  energy consum ption  is poss ib le .

T rans it system s w ith  longer d is tances betw een s ta tion s  w i l l  show  less energy 

reduction  w ith  car w e igh t reduction  than those w ith  shorte r d istances. W eigh t 

reduc tion  should be considered as a s tra te g y  in reduction o f  to ta l li fe  cyc le  cost, 

ra ther than ju s t energy, w h ich  w o u ld  include capita l expenditures (fo r design and 

m anufacturing), cos t o f m oney, and energy and m aintenance cost. M aintenance co s t
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should include both  veh ic le  and track. The in fluence  o f vehic le  w e igh t reduction  on 

s a fe ty  is a lso an issue w h ich  m ust be addressed.

3.3.7.2. Vehicle Streamlining

Much tra c tio n  energy is used to  overcom e tra in  resistance. Vehicle  

s tream lin ing , w h ich  includes reduction  o f fro n ta l cross sectiona l area o f the tra in , 

b e tte r aerodynam ic shaping and be tte r sm ooth ing  o f  in te r-veh ic le  gaps in a tra in , has 

been d iscussed as a technique fo r  reducing the aerodynam ic p o rtio n  o f  tra in  

resistance.

A n  index d e fin e d  as

% Energy C onsum ption Reduction 

% Reduction in A erodynam ic  Drag

is a good m easure o f  the rate o f change o f  energy consum ption  w ith  

im provem ent o f  tra in  aerodynam ic perform ance. For ra il tra ns it, th is  index lies 

betw een 0.05-0.15, w h ich  m eans tha t a 10% reduction  in aerodynam ic cross sectiona l 

area w o u ld  resu lt in 0.5-1.5% decrease in tra in  energy consum ption. The actual value 

depends on both  the m axim um  speed at w hich tra ins  operate  and the in te rs ta tio n  run 

d istances. A s  in the case o f  vehic le  w e igh t reduction , vehic le  s tream lin ing  decisions- 

should  be based on a life -c y c le  cos t basis, rather than on energy savings alone.

3.5.7.3. Propulsion and Braking Systems

P ropu ls ion  sys te m s fo r  ra il tra ns it can take several fo rm s . In te rm s o f  

num bers, the dom inan t fo rm  is the cam -con tro lled  re s is to r sw itch in g  w ith  DC series 

m o to rs . The p resent s ta te -o f-th e -a rt in ra il tra n s it p ropu ls ion  in vo lve s  so lid  s ta te  

co n tro l in the fo rm  o f  DC d rives  and AC drives.

In te rm s o f  num bers, chopper con tro l using DC series m o to rs  is dom inant o f  a ll 

s o lid  s ta te  co n tro l. It is expected that in the fu tu re , inve rte r co n tro lle d  induction  

m o to rs  m ay be the dom inan t d rive  fo r  ra il tra n s it app lica tion .



The purpose of a propulsion system in rail transit is the conversion of input 
electrical power to mechanical power at the wheels, which drive the vehicle. A 
secondary purpose is the conversion of mechanical power input through the wheels 
during braking to output electrical power. The conversion of electrical to mechanical 
power is called the power mode and the conversion of mechanical to electrical 
power is called the braking mode. The action of the system in the braking mode is 
a form of dynamic braking which is simply termed "electrical braking".

There are efficiencies associated with the conversion processes in both the 
power and braking mode. The efficiency is always expressed as the ratio of the 
output power to input power. As illustrated in Figure 3-1, in the power mode, 
efficiency is the ratio of the mechanical power output at the wheels to the input 
electrical power; while in the braking mode, it is the ratio of the mechanical power 
input at the wheels to the output electrical power. The efficiency is always less 
than unity.

In the power mode, the input electrical power may come from the third rail or 
trolley or a storage device aboard the vehicle. In the braking mode, the output 
electrical power may be delivered to the third rail or trolley, storage devices aboard 
the vehicle, or resistors, in which it is dissipated. If it is delivered to the third rail, 
trolley or storage devices aboard the vehicle, it is called regenerated power, which 
means it has the potential of being reused by other trains or the same vehicle. 
Regeneration with natural receptivity refers to the condition where only other trains 
on the system use the regenerated power. Regeneration with assured receptivity 
means that some positive action is taken to assure that regenerated power is used 
productively. This positive action may be on-board energy storage systems or 
regenerative substations, which deliver regenerated power back to the electric utility.

Every propulsion system has a maximum tractive effort and electrical braking

effort curve. This curve is the plot of traction force at the wheels versus the speed
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at which the vehicle carrying the propulsion system is operating. Examples of these 
kinds of curves are shown in Figure 3-2. The propulsion system is able to access 
any point within the power and braking regions of Figure 3-2. The efficiency of 
conversion of input to output power depends on the particular tractive effort and 
speed at which the propulsion system is working. Typical efficiency curves for a 
propulsion system in the power mode are shown in Figure 3-3 (cam-control) and 
Figure 3-4 (chopper control). Efficiency is plotted as a function of speed for several 
values of maximum tractive effort. Similar curves for the braking mode are also 
shown in Figure 3-5.

Although braking on rail transit cars is a blended combination of electrical and 
mechanical (friction) components, the electrical portion is performed by the 
propulsion system. The braking system usually refers to friction braking. The 
purpose of the braking system is to convert mechanical power into heat. Some of 
the electrical power, converted from mechanical power by the propulsion system in 
the braking mode, may also be dissipated in heat in resistors on board the vehicle. 
Since heat is the end use, this portion of the electrical power plus the mechanical 
power dissipated as heat in the friction brakes are considered together. The less 
power dissipated as heat in braking means the more power available for regeneration, 
which is of primary interest in the braking mode.
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3.3.7.4. On Board Energy Storage
During the decade of the 1970's flywheel energy storage systems were 

considered for uses in buses, dual mode vehicles, subway cars, trolleys and other 
vehicles. Two R-32 cars of the New York City Transit Authority (NYCTA) were 
equipped with propulsion systems which included flywheel energy storage devices. 
The units were equipped by Garrett Corporation and were evaluated in service by the 
NYCTA. Energy savings greater than 30% were reported as a result of the
experience.

On board energy storage is a form of regeneration of braking energy with 
assured receptivity. In the case of the NYCTA experiment, ail of the regenerated 
energy was stored in the rotating flywheel. However, this is not the only way to 
assure receptivity. Another method involves building a smaller flywheel and using 
the energy storage capability of that device only to supplement natural receptivity.

Figure 3-6 shows a block diagram of power flows using a train (vehicle) with 
on-board energy storage. The cost-effectiveness of employing such a system
depends upon a complex set of physical and operational characteristics of the 
specific transit system. As a consequence, it is both necessary and desirable to 
perform site-specific evaluations on the whole question of assured receptivity. 
Competing methods of assured receptivity include off-board storage and regenerative 
substations should also be considered.
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3.3.7.5. Auxiliary Power
Auxiliary power on-board the vehicle is used to maintain passenger comfort 

levels by heating, cooling and lighting and to support the functions of other vehicle 
subsystems such as propulsion, braking, train control and door operation. This power 
is provided through the third rail or trolley and is usually considered part of the 
traction power. On-board auxiliary power during train operation can account for 
5-15% of traction power.

When the vehicle is not in use, it would be desirable to shut down as much 
auxiliary power as is practical. The degree of sophistication of the device which 
controls the amount of auxiliary operation during periods of vehicle non-use can vary. 
The control device may be as simple as initializing a train line using an operator's 
key; or conceivably, dn an automatic train control system, sending signals to the 
trains to control auxiliary operation.

Auxiliaries which are running at full power when the trains are in storage or lay 
up can use significant amounts of energy. Assuming that auxiliaries normally use 
10% of the total traction energy while the train is in operation and with the operating, 
assumptions stated in Table 3-1, it can be seen from the table that the percent of 
non-operating auxiliary energy use to total traction energy use is about 9%. Of 
course, when in operation, heating and air conditioning would use more power 
because of the doors opening and closing. This fact, together with the requirement 
that some of the auxiliary operations (10-15% on WM A T A )  must continue even whrle 
non-operational, reduces the potential energy savings.

3.3.7.6. Operational Flexibility
In terms of design of the vehicle, operational flexibility refers to those 

characteristics which allow the flexibility to match car-miles to passenger-miles in 
such a way as to avoid passenger crowding on one hand and to avoid running empty 
trains on the other. The ability to make and break consists of cars is the principal



TABLE 3-1 NON-OPERATING AUXILIARY ENERGY ANALYSIS

WEEKDAY WEEKEND
PEAK OFF-PEAK NON-OPER OFF-PEAK NON-OPER

FRACTION OF VEHICLE FLEET 
Operating 1.00
Not operating 0.00

HOURS PER OAY IN PERIOD 4

PROPULSION ENERGY PER HOUR 0.90
AUXILIARY ENER6Y PER HOUR 
Operating 0.10
Not operating 0.00

TOTAL BY PERIOD
PROPULSION ENER6Y 3.60
AUXILIARY ENERGY
Operating 0.40
Not operating 9.00

TOTAL
TRACTION ENERGY*
NON-OPERATING AUXILIARY ENER6Y 
TOTAL
PERCENT NON-OPER AUX TO TOTAL

0.60 0.00 0.50 0,90
0.40 1.00 0.50 1.00
14 6 18 6

0.54 0.00 0.45 0.00

0.06 0.00 0.05 0.00
0.04 0.10 0.05 0.10

7.56 0.00 8.10 0.00

0.84 0.00 0.90 0.00
0.56 0.60 0.90 0.60

HEEKDAY WEEKEND WEEKLY
12.40 9.00 80.00
1.16 0.90 7.60
13.56 9.90 87.60

9 9 9

» TRACTION ENER6Y * PROPULSION ♦ AUXILIARY ENERGY WHILE OPERATING
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determinant here. Considerations are:
1. Quick disconnects (electrical, pneumatic, etc.) between cars in a train.

These should be reliable and involve low labor input.

2. The ideal situation is for all cars to have the ability to function as the 
head end. Cost tradeoffs for married pairs, internal vs head end cars 
should always take the operational flexibility, and subsequent energy 
savings into account.

The fleet availability for revenue service also has an impact on energy 
consumption. If the fleet has low operational availability, enough cars may not exist 
for proper energy conserving scheduling; that is; scheduling: which optimizes the ratio 
of passenger-miles to car-miles without undue passenger crowding.

Another consideration is vehicle reliability. If vehicles do not have reliable 
propulsion systems, train performance reliability would have to be achieved by 
running more cars per train than otherwise and as a consequence, cause higher 
energy consumption.

3.3.8. Train Control
Train control may be manual (MTC) or automatic (ATC). In the new heavy rail 

systems, train control is automatic. In the new light rail systems and older heavy 
and light rail systems which are being modernized, train control is usually manual. In 
all cases, an attendant is on-board and usually rides in the head end cab. Even in 
the most sophisticated ATC rail systems, the attendant performs other functions, 
such as opening and closing doors.

There are two general considerations in the design of train control systems, 
which will influence both power demand and energy consumption. These are train 
interference and train performance.



3.3.8.1. Train Interference
There is a global problem on a rail transit system which has an energy 

component. The problem is running a set of non-perfect trains over non-perfect 
track with non-perfect control systems in such a way as to maximize passenger flow 
and comfort and minimize delay time and operational cost. Until recently, most of 
the concern has been to maintain capacity and reduce delay time. Because of 
reduction of federal subsidies to transit authorities, reducing operational cost is also 
important, and energy cost is one of the easiest of operational costs to reduce.

Whether the train control system is manual or automatic, train interference is 
one of the largest problems in day to day operations. If the trains all ran according 
to the planned schedules, minimal train interference would occur. Usually 
interference begins with an event such as a system malfunction, with the system 
being equipment, processes, passengers and employees working together. Trains 
become delayed and begin interfering with other trains. Operational strategies are 
called upon to bring the system back to its normal state. Most of these strategies 
are geared toward reducing delay time and maintaining system capacity. During the 
transition period from system malfunction to train interference to normal state, 
energy consumption is of little consequence, since returning quickly and safely to 
normal operation is most important.

The energy component of the global problem of train interference is explained 
using Figure 3-7. The system is in its normal state. An event causes the system to 
enter a train interference state. The objective is to select a strategy for recovery to 
the normal state which minimizes both energy and delay time.

A  situation where the use of "catchup operation" existed on W M A T A  illustrates 
how selection of certain strategies can increase energy cost. In 1980, if a delay 
occurred, catchup operation was initiated during which the system ran 10% faster than 
normal, which in turn increased traction energy consumption by about 20%. Since the
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chance for delay and subsequent catchup operation was most probable during peak 
operating periods, it was catchup operation which set demand charges, which were 
much higher than would otherwise be realized.

3.3.8.2. Train Performance
There are many ways to drive a train between the terminals on a rail line and 

still maintain the schedule time. Generally, transit authorities use their equipment to 
minimize the running time between stations, subject to speed restrictions, grades, 
traffic interference, program stop requirements and other operational policies. This 
minimum run time does not result in minimum energy consumption.

Strategies of,train running which result in run times greater than the minimum 
are known as performance modification strategies. Energy use reduction by 
performance modification can be illustrated by reference to Figure 3-8. The 
accessible region is the area in the energy consumption vs running time plane which 
can be realized by a given train with a given set of passenger loadings as it runs 
between station̂ , and operates within all of the rules. Any point in the accessible 
region can be reached by operating the train differently through the system.

In the language of optimization theory, the border of the accessible region is 
the non-inferior curve. It represents the extremum of energy consumption for a fixed 
running time, which is greater than the minimum running time. Within the accessible 
region is an operating region in which the train actually operates most of the time. 
Because of both operational and equipment variances, the running time and energy 
consumption of seemingly identical trips will vary. In a statistical sample, most of 
the trips will fall within a closed curve labeled NORMAL in Figure 3-9.

An energy reduction strategy, which involves performance modification, when 
practiced, results in points in the Energy-Time Domain (E-T plane) falling within 
another region, labeled STRATEGY in the figure. However, the new operating region 
is shifted downward and to the right in the accessible region, representing a decrease
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in energy consumption and an increase in running time. For a performance 
modification strategy to be successful it should cause the train operation to be such 
as to minimize the increase in running time and to maximize the decrease in energy 
consumption.
The schedule time, which involves running, dwell and turnaround time, and determines 
both system capacity and train requirements, will not increase as fast as running 
time. In fact, if dwell and turnaround times can be shortened to compensate for 
increased run times, the overall schedule time, and consequently the system capacity 
can remain the same without the need for an additional train. In practice, this slack 
usually exists. If the slack cannot be found, performance modification strategies for 
energy cost savings would probably not prove cost-effective because of the 
requirement for an additional train.

Performance modification strategies to reduce energy consumption are not new. 
Several kinds have been implemented in the past on rail transit systems. The energy 
savings effects are influenced by whether or not a rail system can regenerate energy. 
More details are presented in Volume 2, Chapter 1.

Speed Reduction

Speed reduction strategies are the easiest of the performance modification 
class to implement on rail transit. One method is to simply limit the top speed of 
trains to something less than maximum speed capability. A  second method would be 
to selectively lower speed limits along the route. Another way is to lower the 
speed limits along the route in such a way that the energy saved for fixed running 
time is maximum.

Acceleration Reduction

Two kinds of acceleration reducfion strategies are natural with the propulsion

systems traditionally used with rail transit equipment. The first kind involves



choosing an initial accelerating rate lower than the system capability. This is usually 
accomplished by limiting traction motor current. The second kind is lowering the 
high speed accelerating rate by preventing traction motor field weakening.

Reduction of initial accelerating rate does not usually save much energy. 
However, reducing acceleration at high speed does save energy. Propulsion systems 
are less efficient in constant speed running than during accelerating at high speed, so 
that the more time spent by accelerating at high speed with low accelerating rate, 
means the less time spent in the constant speed running condition. If the acceleration 
rate reduction means reducing the top speed of the train in a short interstation run, 
then the strategy has more of an energy savings effect.

Deceleration Reduction

Reducing the decelerating rate can save energy with trains which regenerate 
braking energy. Reducing the decelerating rate means that the energy per unit time 
generated during the braking cycle is smaller, providing a higher probability that it 
will all be absorbed by other trains requiring power. Even under non-regenerative 
conditions reduction of braking rate can save energy because of the requirement for 
lower to speed on short interstation runsOower brake rate means an earlier brake 
initiation).

Coasting

Coasting is an old, proven method to reduce energy consumption with a 
minimal increase in running time. There are several methods of coasting. In one 
method, termed anticipatory coasting, the train accelerates, perhaps to the speed 
limit, and begins a no power, no brake (coast) operation in anticipation of a lower 
speed restriction or a station stop. In another method of coasting, referred to as 
sawtooth coasting, the train accelerates until it reaches the speed limit and then 
alternately coasts and accelerates within a speed band whose top speed is the speed
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limit and whose lower speed is the coast speed. The difference between the top 
and coast speeds is usually a fixed speed band.

During coasting, only the forces of train resistance and sometimes a minimum 
electrical brake retard the train motion.

Sawtooth coasting is the easier of the coasting strategies to implement since 
no anticipation of a stop or upcoming speed restriction is required in the form of a 
wayside signal. For most interstation runs on typical transit systems, only one coast 
operation usually occurs.

Optimum Performance Modification

Low energy consumption and minimum running time are conflicting objectives 
on a rail transit system. The problem of finding the minimum energy run for a fixed 
run time which is greater than the minimum run time is finding a trajectory on the 
route whose energy lies on the lower portion of the non-inferior curve in Figure 3-8. 
The problem can be solved by Monte Carlo or steepest decent techniques and 
amounts to varying the tractive effort as the train runs through the system in such a 
way that the resulting energy input to the train is minimal. For trains which 
regenerate braking energy, and depend on other trains to use this energy, the problem 
is not trivial. If optimum performance modification is ever implemented, a 
microcomputer will be required on every train. Implementation would only be 
feasible with automatic train control systems.

Of the performance modification strategies discussed, top speed reduction, 
coasting and optimum performance modification present the largest opportunities to 
save energy in new rail systems. Coasting or optimum performance modification is 
least expensive when included in the initial design. Sawtooth coasting can be 
effected by incorporating a large speed error into the speed maintaining unit so that 
transition from power to brake occurs over a large speed band in which coasting



occurs. Optimum performance modification requires more sophisticated equipment.

3.3.9. Planned System Operation
During the design phase, a system operating plan is developed. The plan 

usually contains several alternatives for future operation, beginning with initial 
revenue operation and continuing for several years. It is the basis for vehicle, train 
control and power distribution equipment procurement. Both train performance and 
operation are specified and are used as the basis for estimating the energy use 
pattern, which is subsequently used for electric utility rate negotiation.

3.3.9.1. Train Performance
It is customary to design a rail transit system with higher performance 

capability than will actually be used. This custom is carried down to the subsystem, 
component and electrical facilities. Normal, day-to-day operation is always below 
full capability.

For transit systems with ATC, several modes of train performance are usually 
specified. These modes are usually called performance levels. The highest level is 
set close to the maximum capability of the train. Different performance levels imply 
different run times. The highest level means the lowest run time and usually, the 
highest energy consumption.

Performance levels are traditionally based on acceleration, deceleration and 
speed. Higher values of each of these # quantities mean lower run times. This 
traditional method of setting performance level is not necessarily the most energy 
efficient. A  more energy efficient method may be to incorporate coasting or 
optimum performance modification. In this case, the highest performance level 
would approach the minimum run time with the least amount of coasting (or optimum 
performance modification), while the lowest level would contain the most coasting.

For manual train control systems, performance levels can be incorporated into
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the master controller of the train or into the operating rules. Again, coasting levels 
could substitute for speed, acceleration and deceleration reduction, improving energy 
efficiency.

For both manual and automatic train control systems normal operation is based 
on a performance level which is less than maximum. This is usually done in order 
to maintain reserve for emergencies, which means some type of makeup operation. 
Any event which results in train delay may be followed by a period of abnormal 
operation to bring the system back to its normal state quickly. This makeup 
operation could result in high levels of power demand and higher energy cost. If 
initiated during peak operating periods traction power demand could increase 
substantially.

The strategy for makeup operation on the PATCO system was skipping of 
stations of some trains to increase running time. This method uses less energy than 
normal-operation.

3.3.9.2. Train Operation
Train operation refers to the operating timetables which govern train makeup 

and movement on the system. These timetables and resultant schedules are 
generated to meet predicted passenger flows and minimum headway rules. The 
operating timetables contain departure times and the composition of each train 
leaving each terminal during each period of the day on weekdays, Saturdays, Sundays 
and Holidays. Rough values of passenger loadings can be developed using these 
timetables and the predicted passenger flows. Passenger station level times and 
train turnaround times at terminals are also specified as are the requirements for 
cars during the different operating periods.

There are many factors which constrain the development of an operating 
timetable. Energy should be an important consideration in the development of these 
timetables since traction energy use patterns and ultimately energy costs are



associated with them. The power demand component is (approximately) linearly 
related to the car-mi/hour developed during peak transit operating times and the 
energy use component is (approximately) linearly related to the total car-mi 
developed. The peak transit operating periods are the morning and evening rush 
hours on weekdays.

In setting up operational timetables to meet predicted passenger flows, there 
are two important principles which must govern the setting of schedules:

1. Passenger loadings between stations must be a maximum without undue
passenger crowding

2. Predicted passenger flows are no sacred cows. In fact, they are probably
one of the weakest knowns in the system.

Energy cost will be least when schedules are developed to best match car-miles 
to passenger-miles without crowding. Ultimately, this matching can only be done 
under actual revenue operating conditions.

Other constraints, such as passenger transfer requirements between lines or 
modes may also be included.

To maximize passenger load factor, the number of cars per train should be 
taylored to meet passenger demand. The use of terminals other than the ends of the 
line is another strategy for reducing car-miles.

It is desirable, not only from an energy use but also from an overall transit 
productivity perspective, to optimize passenger load factor (passenger-miles/car- 
miles). During peak transit operating periods, application of this strategy may mean 
running some trains over shorter distances (turnbacks) and reducing the number of 
cars per train to conform to the decreased passenger load before and after the peak 
passenger flow periods. Operational costs of making, breaking and turning trains 
will, of course, offset the energy savings. More innovative and dynamic scheduling 
is required.
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In rail transit systems which utilize regeneration of braking energy, certain 
schedules may be better than others in matching generating trains on the average to 
trains requiring power on the average. With all other things being equal, those 
schedules which result in least energy consumption should be selected.

3.3.9.3. Energy Use Pattern Estimation
The alternative train performance and operation scenarios of the system

operating plan can be used as the basis for the energy use pattern estimate. One
energy use pattern estimate is made for each scenario.

The energy use pattern is simply an estimate of the monthly demand for billing
purposes and energy use on a month by month basis. It begins with the estimates
of the daily load curves for each meter for weekdays, Saturday and Sunday. A  basis 
for calculating peak demand is also stated. Usually peak demand is estimated by 
taking the maximum demand created by either normal or makeup train operation. 
Some method for estimating the cooling and heating effects on peak demand should 
also be incorporated into this estimate. Not all meters may reach peak during the 
peak transit operating time. For example, meters which record power for yards or 
storage tracks are more likely to peak during off-peak transit operating time when 
cars are in storage or much yard movement occurs.

For cost estimating purposes, the meters must be grouped according to the 
actual power demand consolidation which is to be used by the electric utility. If the 
demand is on a non-coincident basis, then each meter must be considered separately.

3.4. PROCUREMENT AND CONSTRUCTION PHASE
During this phase of the design and construction process, the results of the 

energy cost tradeoff studies are incorporated into procurement and construction 
decisions. Energy efficiency, when appropriate, is incorporated into the specification 
for the vehicles, train control, power distribution and passenger station equipment. 
There is an important rule which should be followed here: IF A  METHOD DOES NOT'



EXIST FOR PROVING THAT A  SPECIFICATION HAS BEEN MET. THEN DO NOT MAKE 

THE SPECIFICATION.

The m odels w hich w ere  used fo r  the energy cos t tra d e o ff s tud ies should rem ain 

ac tive  to  help evaluate the b ids su b m itte d  by the suppliers during th is  stage. This 

m odel should  be made ava ilab le  to  the  se rious  b idders, espec ia lly  i f  the same m odel 

w i l l  be used to  evaluate the b ids.

Test p lans should be deve loped  to  evaluate the energy use o f  the equipm ent 

and sys tem s. S upp lie rs should  a lso  have cop ies o f  these tes t p lans be fo re  the bid. 

The te s t p lans shou ld  c le a rly  s p e c ify  the m e tho d o log y  and co n d itio n s  o f the tes t.

S ince energy use pa tte rns  o f  the a lte rn a tive  scenarios o f ra il system  .op e ra tio ns  

have been deve loped  as part o f  the sys te m  opera ting  plan, serious nego tia tion s  w ith  

the e le c tr ic  u t i lit ie s  w ho w i l l  supp ly  p o w e r can continue. These n ego tia tions  w il l  

include in te rim  ra tes during p ro to ty p e  te s tin g  and startup  o f revenue opera tion, when 

sys te m  p o w e r requirem ents w i l l  be unpred ictab le . Requirem ents fo r  pow er dem and 

m o n ito r in g  shou ld  a lso  be d iscussed at th is  tim e .

3.4.1. Energy Specifications fo r  Equipment

There are fo u r m a jo r areas in  w h ich  energy use can be sp e c ifie d  e ither c o v e rtly  

o r o v e r tly  in the supply. These areas are: veh ic les, tra in  co n tro l, pow er d is tr ib u tio n

and su pp o rt equipm ent.

3.4.1.1. Vehicles

The m a jo r energy co ns ide ra tio ns  in the vehic le  w ill be its  em p ty  w e igh t, 

passenger capac ity , tra in  res is tance , a u x ilia ry  equipm ent, p ropu ls ion  and braking 

equ ipm ent and opera tiona l f le x ib il i ty .  It is no t usefu l to  consider each o f the fa c to rs  

in d iv id u a lly , s ince u lt im a te ly  it is the energy consum ption, ove r spec ified  rou tes 

under s p e c ifie d  opera ting  co n d itio n s , w h ich  dete rm ines the energy cost o f  the car 

ove r its  life t im e . Thus, w e ig h t rew ards  and pena lties may be usefu l in lim ite d
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app lica tio n s .

The m odern  approach is to  p rovide  the veh ic le  supp lie r w ith  se lec ted  scenarios  

fro m  the sys te m  opera ting  p lan and le t h im  p re d ic t energy consum ption . I t  is 

d if f ic u lt  to  handle regenera tion  in th is  manner, because the re c e p tiv ity  does depend 

on the ve h ic le s  being used. A  be tte r approach w o u ld  be to  have the veh ic le  supp lie r 

p ro v id e  the d e ta ile d  energy/pe rfo rm ance  data to  the tra n s it a u th o r ity  and le t them  

e s tim a te  the energy consum ption  w ith  the same m odel used to  ca lcu la te  energy use 

pa tte rns  in the sys te m  ope ra tio n  plan. In th is  w a y  all o f  the veh ic le  ch a rac te ris tics  

w h ich  a ffe c t  energy consum ption  can be in tegra ted  at once in to  the e s tim a tes .

V e r if ic a tio n  w i l l  take  tw o  fo rm s :

1. That the m odel can adequately p re d ic t energy consum ption  and sys te m
p erfo rm an ce , and

2. That the data presented by  the equipm ent supp lie r are va lid .

Both fo rm s  o f  v e r if ic a tio n  can take place a fte r the veh ic les  are put in to  

ope ra tion . P ena lties  and rew ards can be assessed in accordance w ith  h ow  num ber 2 

above w as m et.

3.4.1.2. Train C ontro l

For a u to m a tic  tra in  co n tro l sys tem s, sp e c ifica tio n s  take  the fo rm  o f  the 

p e rfo rm an ce  m o d if ic a tio n  desired, such as coasting  or o p tim ize d  pe rfo rm ance  

m o d ific a tio n . The perfo rm ance  leve ls o f the sys tem  is sp e c ifie d  in co rp o ra tin g  the 

m o d if ic a tio n  s tra teg ie s . L ow  energy cos t makeup opera tion  m ust a lso  be sp ec ified .

3.4.1.3. P ow er Transmission &  D istribution Equipment

G iven a p o w e r tra n sm iss io n  and d is tr ib u tio n  sys tem  fro m  the e le c tr ic  u t i l i t y  

m eters to  the p o w e r input dev ice  on the tra in , there are three m a jo r ite m s w h ich  w i l l  

a ffe c t  the energy co s t in the opera ting  system : the pow er necessary to  suppo rt the

power transmission and distribution system, the losses and the receptivity provided
under all conditions. The first two items are straight forward. The support power is



e a s ily  tabu la ted  and includes such th ings  as tra n s fo rm e r-re c tifie r  coo ling  pow er 

requ irem ents, subs ta tion  aux ilia ry  pow er and co n tro l pow er. The losses depend on 

im pedances in substa tions, tra n sm iss io n  lines, d is tr ib u tio n  lines, and th ird  and running 

ra ils  inc lud ing  ground return.

R egeneration re c e p tiv ity  is in fluenced  by a llow ed  vo ltages  on the transm iss ion  

and d is tr ib u tio n  sys tem , im pedances and opera ting  cond itions .

G iven all o f  the above param eter values, the energy consum ption  a t the 

m e te rin g  p o in ts  can be e s tim a ted  fo r  equ ipm ent fro m  d iffe re n t suppliers w ith  the 

EMM o r s im ila r m odels.

P ow er m o n ito r in g  equ ipm ent m ay a lso  be purchased as part o f  the pow er 

tra n sm iss io n  and d is tr ib u tio n  equ ipm ent. it  is im po rta n t tha t the s p e c ifica tio n  fo r  

th is  m o n ito r in g  sys tem  be w e ll s ta ted . Failure in th is  area w il l  make such a sys tem  

inoperable .

t
3.4.1.4. Support Equipment

The in s ta lle d  suppo rt loads can be d iv ided  in to  the fo llo w in g  ca tegories: 

VENTILATION, HEATING. LIGHTING. AIR-CONDITIONING, ESCALATORS & ELEVATORS, 

TRAIN CONTROL &  CO M M UNICATIONS, FARE COLLECTION and MISCELLANEOUS.

Much has been done o ve r the past ten  years on e ff ic ie n t ligh ting . The prob lem  

in o b ta in in g  e ff ic ie n t  lig h tin g  is one o f  aesthetics. It is usua lly  the a rch itect w ho  

s p e c ifie s  ligh tin g  in the s ta tio n  areas. I f  lig h tin g  cannot p ro v id e  the desired e ffe c t 

tha t the a rch itec t has designed in to  the s ta tio n , ligh ting  e ff ic ie n c y  w ill s u ffe r. A  

second p rob lem  is se cu rity . A dequate  ligh tin g  discourages crim e.

E scala tors and e le va to rs  are n o w  equipped w ith  regenera tion , w hich saves 

energy. Escala tors can a lso  be equipped w ith  autom atic  s ta rt and stop  features. 

These typ e s  o f esca la to rs  have been used m ore in European tra n s it opera tions and
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have n o t y e t acheived p o p u la rity  in dom estic  use.

A ir  co n d itio n in g  and heating w ith  large pow er requirem ents can som etim es be 

used in load m anagem ent sys tem s as a load to  be shed. C h ille r p lants p rov ide  a 

good  exam ple o f  such a load. By using ch ille rs  to  coo l to  low er, but c o m fo rta b le  

tem pera tu res  during the hours ju s t be fo re  the A M  and PM peak opera ting  p e r io d s ,'th e  

c h ille r p lan t could  be unloaded during peak periods to  keep the tem pera ture  ju s t 

b e lo w  the m axim um  fo r  passenger co m fo rt.

Three c rite ria  m ust be s a tis fie d  be fo re  th is  s tra teg y  can be used:

1. The equ ipm ent can e a s ily  be loaded and unloaded.

2. The co s t fo r  loading and unloading m ust no t exceed the savings.

3. The equ ipm ent load m ust be part o f the peak load.

3.4.2. Energy E ffic iency V e rifica tion  Test Plans

Test p lans should be produced to  de te rm ine  energy re la ted  characte ris tics  o f  

the veh ic le , tra in  co n tro l, pow er transm iss ion  and d is tr ib u tio n  sys tem , support 

equ ipm ent pow er and any m o n ito r in g  equipm ent.

3.4.2.1. Vehicle Procurement

T es ts  should be conducted  to  v e r ify  veh ic le  e m p ty  w e ig h t, tra in  resistance, 

m easurem ent o f  p ro pu ls ion  e ff ic ie n c y  and v e r if ic a tio n  o f  a ux ilia ry  equipm ent pow er 

requirem ents.

The em p ty  w e ig h t is de term ined w ith  the vehic le  in fu ll opera ting  c o n d itio n  • 

w ith o u t passengers.

Tra in  resistance is m easured using coast dow n  tes ts . The tra in  is accelerated 

to  m axim um  speed on leve l tangent track. P ow er is rem oved and the speed is 

m easured as a fu n c tio n  o f  t im e  as the tra in  coasts. This te s t should  be repeated 

several t im e s  changing the num ber o f cars per tra in . The range o f  the num ber o f



cars per tra in  should  co ver the range to  be used in revenue service operation.

The m easurem ent o f  p ropu ls ion  e ff ic ie n c y  can be done in e ither the la b o ra to ry  

o r on the vehic le . In the la b o ra to ry , the p ro pu ls ion  m o to rs  d rive  s im ila r tra c tio n  

m o to rs  as genera to rs  and the pow er needed s im p ly  covers  the losses in the sys tem . 

The d isadvantage o f  th is  m ethod is that the e ffe c ts  o f  the gear units, coup lings and 

w heels are n o t included in the ove ra ll e ff ic ie n c y  bu t m ust be measured separa te ly.

The a lte rna te  m ethod is to  conduct the te s ts  on the vehic le  by running at 

d if fe re n t speeds on d if fe re n t grades at d if fe re n t acce lera ting  rates. F ric tion  brakes 

m ay a lso  be used to  increase drag on the ve h ic le  to  reach tra c tive  e ffo rt/s p e e d  

p o in ts  w h ich  are o th e rw ise  not accessible.

F ina lly , the p o w e r requirem ents o f  the a u x ilia ry  equipm ent are ve rifie d . S ince it 

is  im prac tica l to  m easure these requirem ents under a ll opera ting  co nd itio n s , several 

te s t runs s im u la tin g  revenue ope ra tion  sh o u ld .b e  conducted . O n-board heating and air 

c o n d itio n in g  p ow er requirem ents w i l l  depend on bo th  am bient tem perature  and 

passenger loading. It m ay be poss ib le  to  de te rm ine  som e am bient tem pera ture  

dependence.

3.4.2.2. Train C ontrol

V e r if ic a tio n , o f  energy consum ption  at va rious  perfo rm ance  levels, w h ich  cou ld  

be used in revenue o pe ra tion  should be conducted. Several tes ts  should be carried  

out to  ob ta in  a s ta t is tic a l re la tio nsh ip  betw een energy consum ption  at the th ird  ra il 

o r tro lle y  and running tim e .

I f  the pe rfo rm ance  leve ls  do  n o t in co rpora te  coas ting  o r op tim um  perfo rm ance  

m o d ific a tio n  d ire c tly , but y e t th is  ca p a b ility  has been included in the procurem ent, 

these s tra teg ie s  shou ld  be tes te d  separa te ly.
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3.4.2.3. Pow er Transmission and D istribution Equipment

The m easurem ents w h ich  should be conducted on the p o w e r tra n sm iss io n  and 

d is tr ib u tio n  sys tem  are those w h ich  v e r ify  no-load  losses, im pedances and vo ltage  

to le rances.

S ubsta tion  e ff ic ie n c y  should be measured under several load  co nd itio n s  

inc lud ing  no-load . It is no t necessary to  carry  out these m easurem ents on all 

su bs ta tio ns , but o n ly  on those  w h ich  m ay conta in  d iffe re n t t ra n s fo rm e r- re c tif ie r  units. 

Th is te s t should  be conducted  by m easuring the input and ou tpu t v o lta g e  and current.

S ince the input pow er is AC, it  is im po rta n t to  o b ta in  real and reactive  

com ponen ts  o f  pow er. It m ay be best to  conduct these v e r if ic a tio n  te s ts  using the 

supp lie rs  te s t fa c ility .

The c o n d u c tiv ity  o f  the tracks ide  pow er d is tr ib u tio n  c irc u its  should  a lso  be 

m easured. S ince the ground re turn  c irc u it w i l l  invo lve  the running ra ils  a n d 'e a rth  

c o n d u c tiv ity , these m easurem ents m ust be carried  out on the w h o le  sys tem , once it  

is  ins ta lled . The m easurem ent should be taken between adjacent substa tions, or 

su bs ta tio n  to  t ie  s ta tion , i f  t ie  s ta tion s  e x is t betw een substa tions.

I f  s w itc h p o in t heaters or o ther equ ipm ent are rece iv ing  p o w e r through the 

tra cks id e  pow er d is tr ib u tio n  c ircu its , these pow er draws should a lso  be measured.

3.4.2.4. Support Equipment Power

Som e v e r if ic a tio n  o f  support equ ipm ent pow er requirem ents shou ld  be made. I f  

poss ib le , arrangem ents can be made w ith  the u t i l i ty  to  observe the m eters  as various 

equ ipm ents are opera ting.

A t least, a il o f  the equipm ent on each o f the m etered c irc u its  should be 

tabu la ted , w ith  th e ir appropria te  e le c tr ica l characte ris tics .



3.4.3. Specifications fo r  Load Management and Pow er Demand Monitoring

The pow er m o n ito rin g  equipm ent necessary fo r  a load m anagem ent sys tem  or 

p rocured as part o f  the e le c tr ic  pow er d ispa tcher's  equipm ent should have the same 

re lia b il ity  th a t the equipm ent used fo r  m e te ring  on the e lec tric  u t i l i ty 's  side. For 

m ost tra n s it a u th o ritie s , equ ipm ent p rocured fo r  these purposes is no t fun c tio n a l.

The purpose o f  pow er m o n ito r in g  equ ipm ent is to  measure the pow er f lo w in g  

in to  the sys te m . The equipm ent can be used fo r  several reasons; but fo r  energy

m anagem ent a c tiv ity ,  v e r if ic a tio n  o f  e le c tr ic  b ills , understanding the causes o f

m axim um  p o w e r demand and the m o n ito r in g  com ponent o f  a re a l-tim e  load 

m anagem ent sys te m  are the p rim ary  uses. A n y  such m on ito rin g  sys tem  m ust

observe  the p o w e r f lo w s  in the same w a y  as the e le c tr ic  u tilit ie s , since it  is the

u ti l it ie s ' o b se rva tio n  o f  the energy use pa tte rn  tha t resu lts  in the e le c tr ic  b ill.

I f  the m o n ito r in g  equipm ent is b ring ing  the data to  a central lo ca tio n  fo r  fu rth e r 

ana lys is , the sam e dem and in te rva ls , co n s o lid a tio n s  and tim ing  m ust be used as the 

u ti lity .  Som e co op e ra tion  betw een the u t i l i t y  and the tra ns it a u th o rity  beforehand 

could  go a long w a y  to  a vo id ing  argum ents la ter.

Both p o w e r consum ption  and supp ly  v o lta g e  should be m on ito red . In the 

in te re s t o f  c o s t savings, it m ay be p o ss ib le , upon agreem ent w ith  the e le c tr ic  

u tilit ie s , to  use th e ir p o te n tia l and curren t tra n s fo rm e rs  to  m o n ito r pow er and 

vo ltage .

A  p o w e r m o n ito r in g  sys tem  w il l  require  m aintenance i f  it  is expected to  

continue  o pe ra tin g  e ffe c t iv e ly  a fte r  it  is in s ta lle d . M aintenance w il l  take the fo rm  o f  

checking and re ca lib ra tin g  m eters accord ing  to  standards and m anufacture r's  

requ irem ent. Th is sys tem  is  the o n ly  independent check on the pow er b ill,  w h ich  is 

a s ing le  expend itu re  w hose m agnitude is u sua lly  10-25% o f the to ta l ra il opera ting

cost.
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3.4.4. Pow er Rate S tructure Negotiations fo r  Test Operations

Test ope ra tions  on the new  or a dd itio n  to  the ra il sys tem  w i l l  produce an 

energy use patte rn  su b s ta n tia lly  d iffe re n t fro m  tha t w h ich  w i l l  be seen during  revenue 

opera tion . The e le c tr ic  b ill fo r  tes t ope ra tions  could  be qu ite  high re la tiv e  to  the 

actual use i f  som e arrangem ents are no t made beforehand to  a le rt the u t i l i ty  o f  the 

pattern.

During the in it ia l n eg o tia tion s  w ith  the u t i l i ty  the ra tes  during th is  phase o f 

design and co n s tru c tio n  should be d iscussed separa te ly  fro m  the revenue opera tion  

rate s tructure .

3.5. TEST OPERATIONS

3.5.1. Energy Use Pattern Update

The re su lts  o f  the energy re lated te s ts  d iscussed in the p rev ious  se c tion s  w il l  

resu lt in som e m o d ific a tio n  o f  the energy re la ted  input param eters in to  the m odel 

used to  e s tim a te  energy use patterns fo r  a lte rna tive  tra in  ope ra tion  scenarios under 

fu tu re  revenue opera tions. I f  these m o d if ic a tio n  are su bs ta n tia l' the energy use 

patte rns fo r  these scenarios should be reestim a ted . These re e s tim a te s  could 

in fluence  dec is ions  tha t w ere  made during the design  phase.

3.5.2. Pow er Rate S tructure  Negotiations fo r  Revenue Operation

The energy use pa tte rns  predicted fo r  revenue ope ra tions  should  n o w  be the 

best es tim a tes  ava ilab le  fo r  d iscussion  w ith  the e le c tr ic  u tilit ie s . I f  these are the 

basis fo r  cos t o f  se rv ice  de te rm ina tion  by the u t i l ity ,  the ra tes fo r  in it ia l revenue 

o pe ra tion  w il l  be f in a lly  se t on these p red ic tions .



3.5.3. Load Management System Algorithm Development
I f  a load m anagem ent sys te m  w il l  be used in tra n s it o pe ra tions , the a lgo rithm  

deve lopm ent w i l l  occur during the te s tin g  phase. Tests w h ich  are designed to  

de te rm ine  the adequacy and tim in g  o f  responses to  p re d ic tion s  o f  m axim um  demand, 

should  be deve loped during th is  tim e .

3.6. INITIAL REVENUE OPERATION

3.6.1. Energy Audit

An energy audit should be conducted a fte r about tw o  years o f  revenue 

ope ra tion . The d e ta ils  o f  ca rry ing  out the audit are d iscussed in Volum e 1, S ection

4.1.1.

3.6.2. V erifica tion  o f  Energy Use Pattern

The resu lts  o f  the energy aud it should be com pared w ith  the p red ic ted  energy 

use patte rns. M ethods o f  m aking  these com parisons are d iscussed  in Volum e 1, 

S ection  4.1.2.

3.6.3. Energy Use Pattern Update

Changes w h ich  have occurred  in the tra in  opera tion  scenarios because o f 

experience obta ined  in revenue o pe ra tio n  toge the r w ith  m odel changes, w h ich  w ere 

m andated by the v e r if ic a tio n  p rocess, require updating o f the energy use patte rn  

fo re ca s ts . These should be carried  out at th is  tim e .

3.6.4. Power Rate S tructure Negotiation

Rate in te rve n tio n  w i l l  s t i l l  occur on those issues w h ich  have n o t been reso lved  

in the past. S o lid  energy use p a tte rn s  are n o w  available  fo r  true cost o f  se rv ice  

ana lys is  by the u ti lity .  These shou ld  be conducted in line w ith  the next ra te  hike

request.
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4 .  R A IL  S Y S T E M  O P E R A T I O N
The a p p lic a tio n  o f  energy cost reduction  to  ra il tra n s it sys tem s w h ich  are 

p re sen tly  ope ra ting  is som ew hat d iffe re n t fro m  those  in the design and co n s tru c tio n

phase. There are tw o  steps:

1. Energy m anagem ent s tudy, and

2. Im p le m e n ta tio n  o f  energy cost reduction.

The energy m anagem ent s tudy  has fo u r phases:

1. Energy audit.

2. S im u la tio n  and V e r if ic a tio n  o f Norm al O peration.

3. P ow er Rate S tructu re  Evaluation.

4. Id e n tif ic a tio n  o f  Energy Cost Reduction O pportun ities .

The s tu d y  m ust be carried  out be fo re  im p le m e n ta tio n  o f  energy co s t reduction . 

I f  conducted  p ro p e rly , the s tudy  w ill deve lop  m o s t o f  the fa c ts  and es tim a tes  needed 

b y  d ec is ion  m akers to  begin im p lem enta tion  o f  energy c o s t reduction  s tra teg ies.

A f te r  the energy m anagem ent study is co m p le te d , the im p lem en ta tio n  phase 

begins. It is in th is  step  tha t p re d ic tion s  o f  energy conse rva tio n  c o s t and 

e ffe c tiv e n e s s  o f  s tep  1 are va lida ted  through p ro to ty p e  in s ta lla tio n  and tes ting . Full 

im p lem en ta tio n  o f  those  s tra teg ies  w h ich  are va lid a te d  as c o s t-e ffe c tiv e  can then 

proceed.

4.1. ENERGY MANAGEMENT STUDY

The energy m anagem ent study is the beg inn ing  o f  any energy m anagem ent 

program  app lied  to  sys tem s a lready in opera tion . It  is here tha t the com ponents o f  

energy co s t, ob ta ined  by the m arriage o f the energy use pa tte rn  and the pow er ra te  

s truc tu re  are understood . The costs  and b e n e fits  rea lizab le  by a pp lica tio n  o f  energy 

co nse rva tio n  and load m anagem ent s tra teg ies  are a lso  p red icted . A ll o f  th is  is 

accom plished  in fo u r stages.



4.1.1. Energy Audit

Through the use o f  an aud it procedure, the actual energy use patte rn  o f  the ra il 

sys tem  is estab lished. The de ta il to  w h ich  th is  can be accom plished depends on the 

deta il o f data available. I f  the data are ava ilab le , th is  audit should take the fo rm  o f 

a de ta iled  com pute r ana lys is  o f  m etering  in fo rm a tio n  (which can be obta ined fro m  

the e le c tr ic  u ti l it ie s  se rv ing  the sys tem ) at each pow er d e liv e ry  p o in t over successive  

demand in te rva ls  ove r a long p e rio d  o f  t im e  (at least a year or m ore), and a de ta iled  

es tim a te  o f  energy end use at each m eter. The aud it m ust include tra c tio n  energy, 

used to  run the tra in s  and p ro v id e  a ux ilia ry  suppo rt pow er aboard them , and support 

energy, used to  p rov ide  support se rv ices.

I f  the de ta iled  m etering  in fo rm a tio n  is ava ilab le , a s ta tis tic a l ana lys is  should  be 

conducted w h ich  covers  each dem and in te rva l o f  the day, by w eekday, Saturday, 

Sunday and H olidays. Such th ings  as average, standard dev ia tio n  and m axim um  Of 

these load curves should be de te rm ined  and understood  in te rm s o f  norm al and 

abnorm al sys tem  opera tion . Th is means tha t unusual high va lues o f  demand should 

be explained in te rm s o f  unusual sys tem  ope ra tion .

A  second usefu l ana lys is  is regress ion  ana lys is  w h ich  re la tes energy consum ed 

per un it t im e  to  ca r-m ile s  accum ulated per un it t im e  and the am bient tem pera ture  in 

tha t un it tim e . The best ca r-m ile  data are the accum ulations o f  ca r-m iles  ove r the 

unit t im e  o f  the dem and in te rva l. A m b ie n t tem pera tures are averaged over three 

hours, and these data m ay be obta ined  fro m  the w eather bureau. D etail at the leve l 

o f the demand in te rva l a llo w s  the KWHPCM to  be developed fo r  va rious periods  o f 

the day and week.

I f  ca r-m ile  data are not ava ilab le  on a dem and in te rva l basis, then d a ily  ca r- 

m ile  data can help. The leve l o f  de ta il w i l l  in flu en ce  the leve l o f  c re d ib ility .

A  usefu l, but lo w e r leve l ty p e  o f  ana lys is , w h ich  can be conducted i f  de ta iled
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m etering  in fo rm a tio n  is no t ava ilab le , is e le c tr ic  b ill analysis. T h is  m ethod p rov ides  

in fo rm a tio n  on a m o n th ly  basis, ra ther than on a demand in te rva l basis.

A ll o f  the data w h ich  re su lts  fro m  te s tin g  or m o n ito r in g  o f  energy use o f 

tra c tio n  o r suppo rt equipm ent is a lso va luable  in fo rm a tion . These data can be used 

to  b u ild  up the com p le te  p ic tu re  o f the energy use patte rn . The de ta ils  o f  the 

energy aud it m e tho d o log ie s  are described in Volum e 2, Chapter 5.

The energy use patte rn  resu lts  fro m  a system  o pe ra ting  scenario, w h ich  

in vo lve s  tra in  o pe ra tion  and perfo rm ance. Periods o f re la tiv e  s ta b il ity  in the 

o pe ra ting  scenario  should be separated when conducting  the audit. For exam ple, 

changes in tra in  schedules serve as a tra n s itio n  betw een tw o  periods  o f  re la tive  

s ta b ility .

4.1.2. Simulation and V erifica tion  o f  Normal Operation

In o rder to  p rov ide  a base fo r  reduction  o f  e le c tr ic  p o w e r use caused by 

a p p lic a tio n  o f  energy conse rva tio n  techniques, it  is necessary to  e s tim a te  by 

s im u la tio n  the energy use patte rn . The support and tra c tio n  p ow er w h ich  do  no t 

depend on tra in  ope ra tion  are trea ted  as background pow er, w h ich  m ay have am bient 

and tim e  o f  day va ria tio n , w h ile  the tra c tio n  pow er w hich re su lts  fro m  tra in  opera tion  

is e s tim a te d  using the EMM or s im ila r to o l.

T y p ic a lly , several tim e  in te rva ls  o f  o pe ra tion  w ou ld  be s im u la te d  depending on 

the leve l o f  d e ta il required. These tim e  in te rva ls  are w eekday peak (m orn ing and 

evening), w eekday o ff-p e a k  (m idday and evening), w eekday s ta rtup  and shutdow n, 

S aturday, Sunday and non-opera ting . S ince the EMM can o n ly  s im u la te  tra c tio n  

pow er during  tra in  opera tion , o ther sources o f  pow er use, w h ich  m ay appear as 

tra c tio n  pow er, m ust be es tim a ted  separa te ly. These pow er sources w o u ld  include 

a ux ilia ries  aboard the tra ins  during turnaround at te rm ina ls  and la yo ve r during o f f -  

peak and non -opera ting  tim e s  and tra c tio n  background pow er such as no load losses



o f su b s ta tio n s  and sw itc h p o in t heating fe d  fro m  the th ird  rail.

During peak tra n s it opera ting  tim e  (w eekday m orn ing and evening rush hours), 

ty p ic a l abnorm al o pe ra tions  m ay be s im u la ted  to  use as the basis fo r  pow er demand; 

i f  abnorm al o pe ra tio n  pow er requ irem ents  are h igher than norm al opera tion. I f  not, 

then norm a l o p e ra tio n  pow er dem and is used.

The v e r if ic a tio n  procedure is the co m p ariso n  o f  the estim ates o f  the tra c tio n  

energy use p a tte rn  obta ined through s im u la tio n , w ith  the resu lts  obta ined in the 

energy audit. The leve l o f  de ta il o f  th is  com parison  depends on the deta il achieved 

in the energy audit. U sua lly  the KWHPCM is the qua n tity  com pared. I f  enough data 

are ava ilab le  on ca r-m ile s  and m eter readings, the com parisons could be made by 

calendar tim e  p e riods  during w h ich  sys te m  o pe ra tio n  w as re la tiv e ly  s tab le  b y  periods 

o f  the day and b y  tra n s it lines on the sys tem . The c re d ib ility  o f  the es tim a tes  is 

enhanced b y  m ore  o p p o rtu n itie s  fo r  com parisons.

4.1.3. P ow er Rate S tructure  Evaluation

The p o w e r ra te  s truc tu re  is dependent on the particu lar e le c tr ic  u t ilit ie s  w h ich  

serve the tra n s it sys te m  and on the re g u la to ry  agencies w hich govern  the sale o f 

e le c tr ic ity  to  a ll o f  the  u ti l it ie s ' custom ers. The basic regu la to ry  p rinc ip le  on w h ich  

pow er ra te  s truc tu re  should  be evaluated  is tha t the ra il trans it sys tem  be required to  

pay no m ore  fo r  th e ir e le c tr ic ity  than the c o s t to  the u t i l i ty  to  serve it.

The eva lua tion  begins by  re v ie w in g  the h is to ry  o f  pow er rate structure  at the 

tra n s it sys tem . It includes re v ie w in g  the o rig in a l nego tia tions  and/or m aster 

agreem ent and subsequent rate increases tha t had been im plem ented fo r  various 

com ponen ts  o f  the ta r i f f .

Once the history is known, it is then appropriate to review the following
information:

1. C ustom er c la s s if ic a tio n .



2. U t il it ie s ' o ve ra ll grouping o f  custom ers and the ir c la s s ific a tio n ,

3. Load and custom er characte ris tics  o f  the ra il system ,

4. U t il it ie s ' c lass o f  serv ice  cost a llo ca tio n  m e thodo logy,

5. R e la tive  c lass rate o f return p ro v id ed  by the u ti lit ie s ' g roups o f  
cus tom ers ,

6 . R e la tive  m arg ina l cos t recovery  p ro v id e d  by the u ti lit ie s ' groups o f  
cus tom ers ,

7. Rate m aking  trea tm en t o f  the tra n s it sys te m 's  c o n trib u tio n s -in -a id  o f  
co n s tru c tio n ,

8 . The tra n s it sys te m 's  load at the tim e  o f  the u ti l ity 's  peak load,

9. The tra n s it sys te m 's  non-co inc ident peak,

10. The u t i l i ty 's  a llo ca tio n  o f  its  genera tion , transm iss ion  and d is tr ib u tio n  
p lan t in ve s tm en t to  the tra ns it system ,

11. The re la tiv e  size o f  the tra ns it sy s te m 's  load and revenue c o n tr ib u tio n s  to  
u t i l i ty ,

12. D e te rm in a tion  o f  the tra n s it system  revenue requirem ent,

13. Rate design com ponents o f  the ta r i f f  app licab le  to  the tra n s it sy s te m  and 
th e ir a b ility  to  trace the un it cost o f  p ro v id in g  service,

14. C o n so lid a tio n  o f  the tra n s it sys tem  dem and fo r  cos t a llo ca tio n  and b illin g  
d e te rm inan ts  purposes,

15. M in im um  or ra tcheted  b illin g  dem and p ro v is io n s ,

16. Seasonal d iffe re n tia l in rates,

17. P ow er fa c to r  pena lty  p rov is ions ,

18. A p p lic a b il ity  o f a lte rna tive  lo w e r revenue requirem ent, cos t o f  se rv ice  
m e th o d o lo g y , and rate design fo r  the tra n s it system ,

19. Role o f  m ass tra n s it le g is la tive  fin d in g s ,

20. Im p ro vem en t in em p loym ent and e nv ironm en t a ttribu ted  to  tra ns it,

21. O pp o rtu n ities  fo r  real esta te  deve lopm ents  and higher econom ic a c tiv ity  
a long the tra n s it sys tem  route, and

22. H igher tax  base fo r  s ta te  and loca l governm ents  fro m  higher e m p lo ym e n t 
and real esta te  a c tiv ity .



In o rder to  com p le te  th is  com prehensive  rev iew  process, coopera tion  and 

ass is tance  o f  the u t i l i ty  p ro v id in g  e le c tr ic  se rv ice  is crucial. Once the rev iew

process has been com p le ted , the  tra n s it a u th o rity  should seek, through d irect 

n e g o tia tio n s  w ith  the u t i l i ty  o r in te rve n tio n  in fo rm a l rate proceedings, be fo re  the 

pub lic  u t i l i t y  com m iss ion :

1. D is tr ib u tio n  o f  less than average authorized rate increases based on cos t 
and non-rcost co ns ide ra tio ns ,

2. R ecogn ition  o f  the unique custom er and load characte ris tics  o f the tra n s it 
se rv ice  as a separate cu s to m e r c lass,

3. Changes in co s t o f  se rv ice  m e tho d o log y  tha t a pp rop ria te ly  re fle c ts  the
c o s t causation  on the u t i l i t y  sys tem ,

4. Changes in rate design  to  p e rm it re co ve ry  o f  the sys tem 's  assigned cost 
re s p o n s ib ility ,

5. T a r if f  charges tha t m ore c lo s e ly  track the un it cost o f p ro v id in g  service,

6 . R ecogn ition  o f  app rop ria te  b ill in g  dete rm inan ts  fo r  rate m aking purposes, 
and

7. R ecogn ition  o f  the tra n s it sys te m 's  co in c id en t demand fo r  b illin g  cost
a llo c a tio n  purposes.

A ll o f  these issues m ay n o t be re so lved  in the con tex t o f  a s ing le  rate

proceed ing. U t i l i ty  rate m aking  is a continuous prob lem  and each rate proceeding 

p resen ts  the  tra n s it m anagem ent w ith  an o p p o rtu n ity  and a challenge to  reduce its  

p o w e r cost.

4.1.4. Identifica tion  o f  Energy Cost Reduction Opportunities

Th is stage o f  the energy m anagem ent s tud y  is the fin a l one. The energy cost 

sav ings o f  energy co n se rva tio n  and load m anagem ent s tra teg ies  are determ ined along 

w ith  the co s ts  assoc ia ted  w ith  im p lem en ting  them . Savings associated w ith  rate 

in te rve n tio n , e ither by  n e g o tia tin g  w ith  the e le c tr ic  u tilit ie s  o r by presenting a case 

to  the re g u la to ry  agency, are a lso  es tim a ted  a long w ith  the co s ts  o f the action. A  

plan fo r  im p lem en ting  those  a c tio n s  w h ich  are id e n tif ie d  as c o s t-e ffe c tiv e  is a lso 

included.
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The EMM or s im ila r to o l is p a rticu la rly  usefu l at th is  stage. E stim ates can be 

made o f the energy cos t reduction  to  be achieved fo r  va rious s tra teg ies . Thus, the 

o ve ra ll b e n e fit o f these s tra teg ies  are determ ined. The co s t o f  im p lem en ting  the 

s tra teg ies  m ust a lso be considered.

The cost fo r  im p lem en ta tio n , w h ich  w i l l  include opera ting  and in it ia l investm en t 

is re la ted  to  the energy co s t savings as a s im p le  inves tm en t p rob lem . The payback 

tim e  is determ ined, and investm en ts  payed back q u ick ly  are conside red  fa vo ra b le , 

w h ile  those  requiring  long payback periods are n o t favo ra b le . Because o f  

uncerta in ties  in fu tu re  pow er co s ts  and the risks  in vo lve d , three years can be used as 

one m agic num ber fo r  payback to  judge fa v o ra b ility .

The ty p ic a l classes o f  s tra teg ies  w hose  co s t and e ffe c tiv e n e s s  should be 

es tim a ted  are:

1. Perform ance m o d ific a tio n .

2. O perating tim e ta b le s  w h ich  im prove  passenger load fa c to r by  reducing  car-
m iles  and increase regenera tion  re c e p tiv ity .

3. R eduction o f  aux ilia ry  pow er use aboard tra ins.

4. R eduction o f support p ow er use.

5. Regeneration o f  braking  energy.

6 . Load m anagem ent

7. Reduction o f  peak pow er demand.

The d e ta ils  o f  a ll o f  these s tra teg ies  are d iscussed in V olum e 2, Chapters One 

and Three.

The in it ia l and opera ting  costs  associa ted  w ith  im p lem en ting  these s tra teg ies  

are incurred in new  equipm ent, m o d ifie d  equipm ent and/or engineering  and labor 

m anpower.

Evaluation o f the pow er rate s tructure  leads to  an e s tim a ted  co s t savings.



should the issues id e n tif ie d  in the eva lua tion  be reso lved. The estim a tes here are 

necessarily  much s o fte r  than those  made on the opera tions  side. The degree to  

w h ich  rate re lie f can be rea lized  is a lw ays uncerta in. Since any rate re lie f achieved 

by the tra n s it a u th o rity  s h if ts  the burden to  o ther custom ers o f the e le c tr ic  u tilit ie s , 

there is an inducem ent fo r  them  to  oppose the case.

C o m m iss ions  look on custom ers  w ho  do n o t in tervene as s a tis fie d  w ith  th e ir 

rate s tructure . A ll o f  these th ings  m ust be c a re fu lly  considered be fo re  a tte m p tin g  

ra te  in te rven tio n .

Once the s tra teg ie s  fo r  e ne rgy  c o s t re d uc tio n  have been id e n tifie d , a p lan m ust 

be deve loped  fo r  th e ir im p lem en ta tio n . The p lan usua lly  includes fu rth e r te s tin g  fo r  

v e r if ic a tio n  o f  c o s t and e ffe c tiv e n e s s  i f  s ig n if ic a n t costs  are in vo lve d  in 

im p lem en ta tion . The plan should  a lso  include a m o n ito rin g  com ponent w h ich  w i l l  

assure tha t the s tra teg ie s , once im plem ented, do reduce energy cos ts  by the am ounts 

estim a ted . This feedback m echanism  adds add itiona l c re d ib ility  to  energy

m anagem ent program s.

4.2. IMPLEMENTATION OF ENERGY COST REDUCTION

C o m p le tion  o f  the energy m anagem ent s tud y , o u tline d  in the p revious se c tion , 

im p lie s  a dec is io n  p o in t fo r  tra n s it m anagem ent on w h ich  s tra teg ies  to  se lec t fo r  

im p lem en ta tion . A ll o f  the the o re tica l es tim a tes  o f  cos t and b en e fit are n o w  

available.

4.2.1. P rototype Operation and Validation

This step  is im p o rta n t to  m in im ize  the techn ica l and financ ia l risk  o f app ly ing  

the se lected  co n se rva tio n  s tra teg ies . A  lo w  c o s t experim ent should be conducted  

during w h ich  both  the actual energy savings and perfo rm ance  changes can be 

m easured under actual o pe ra ting  co nd itio n s . The re su lts  should be com pared w ith  the 

s im u la ted  case. Som e co ns ide ra tio ns  should be g iven to  the fo llo w in g  experim ents.
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4.2.1.1. Vehicle Perform ance M od ifica tion

To va lid a te  the s im u la tio n  o f  coasting  and optim um  p e rfo rm an ce  m o d ific a tio n , a 

s ing le  tra in  (p re fe rab ly  one o r tw o  cars), should be m o d if ie d  fo r  the perfo rm ance  

m o d ific a tio n . The tra in  should  be instrum ented to  measure tra c tio n  energy (recording 

w a tt m eters) and running tim e  (clock). Tests should be run during non-revenue

se rv ice  tim e  at several d iffe re n t perfo rm ance  m o d ific a tio n  leve ls . S im u la tions  using 

the EMM should  be done under the same co n d itio n s , fo r  com parison . Th is s im u la tio n  

should  be com pared to  the te s ts  resu lts  fo r  va lida tion .

It is im p o rta n t tha t enough te s ts  be conducted so tha t a s o lid  average energy 

savings and running tim e  increase be estab lished, since the (decreased energy, 

increased running tim e) p o in ts  in the accessib le  reg ion are s ta t is t ic a l in nature.

4.2.1.2. Operating Timetable Revision

The im prove m e nt o f passenger load fa c to r by  proper schedu ling  o f  tra in s  has 

an im pa ct on tra n s it p ro d u c tiv ity  w h ich  is m ore than energy c o s t savings. The 

fo llo w in g  steps should  be taken to  va lida te  passenger load fa c to r  im provem ent 

s tra teg ie s :

1. A n  in terna l c o m m itte e  should  be estab lished, c o n s is tin g  o f  scheduling, 
tra n sp o rta tio n , m aintenance and energy m anagm ent personnel, to  
recom m end s tra teg ie s  w h ich  can m eet o ve ra ll p ro d u c tiv ity  requirem ents.

2. Each o f  the s tra teg ie s  shou ld  be s im ula ted  to  de te rm ine  energy savings 
and c o s t to  opera tions.

3. A  three  m onth  p ro to ty p e  te s t should be conducted during  w h ich  energy 
use and/or peak dem and is m on ito red , e ither v ia  the e le c tr ic  b ill o r batch 
p rocess m o n ito r in g  o f  m e tering  in fo rm a tio n .

4.2.1.3. Reduction o f  Support Pow er

The savings ob ta ined  b y  reduc tion  o f  support pow er e ith e r aboard the vehic le  

o r in the passenger s ta tio n s , shops and o ff ic e  bu ild ings can e a s ily  be measured by 

m o n ito r in g  the c irc u its  w h ich  fee d  the support pow er. This can be done w ith  bo th  

fu ll and reduced support pow er using an in teg ra ting  k ilo w a tt-h o u r m eter to  determ ine

the d iffe re n c e .



4.2.1.4. Regeneration o f Braking Energy

P ro to typ e  dem onstra tions  o f  regenera tion  e ither w ith  natural re c e p tiv ity  or 

assured re c e p tiv ity  are expensive. I f  the tra n s it system  does not have so lid  s ta te  

p ropu ls ion  equ ipm ent, the f ir s t  o rder o f  business is to  procure a fe w  cars, usua lly 

added on to  an order o f  conven tiona l cars. A  p ro to ty p e  te s t program  s im ila r  to  tha t 

ou tlined  in the  case o f  app ly ing  the veh ic le  perfo rm ance  m o d ific a tio n  s tra te g y  should 

be conducted  w ith  som e d iffe ren ce s .

A  tra in , co n s is tin g  o f  cars w ith  so lid  s ta te  p ropu ls ion , and a tra in  co n s is tin g  o f  

conven tiona l cars should be instrum ented  w ith  record ing k ilo w a tt-h o u r m eters and 

c locks to  m easure energy and running tim e . These should be run over the same 

routes during  peak and non-peak - ope ra tion  to  de te rm ine  energy savings. S im u la tion  

should a lso  be conducted to  w h ich  to  com pare  the te s t results. A s  in the case o f 

vehic le  p e rfo rm an ce  reduction , enough m easurem ents m ust be taken to  es tab lish  

average energy use w ith  s ta tis tic a l con fidence .

4.2.1.5. Load Management -  Real Time M onitoring

A  real t im e  pow er demand m o n ito r in g  sy s te m  can be insta lled  as an experim ent 

and then expanded i f  v e r if ic a tio n  o f  its  o p e ra tio n  is achieved. S ince tw o  o f  the 

m a jo r c o s t ite m s  are the p o te n tia l and curren t tra ns fo rm e rs , som e in itia l arrangem ent 

m igh t be m ade w ith  the e le c tr ic  u t i l i ty  to  use th e ir equipm ent during the te s tin g  

phase.

D uring the te s tin g  phase, it w i l l  be necessary to  develop a lg o rithm s w h ich  can 

p red ic t p o w e r dem and g iven pow er sam ples in the early  part o f  the dem and in terva l. 

The EMM, o r s im ila r to o l, w il l  be h e lp fu l in the  deve lopm ent o f  these a lgorithm s.
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4.2.2. Full Implementation and Monitoring

The p ro to ty p e  o pe ra tion  and v e r if ic a tio n  ou tlined  in S tep 5 should reduce the 

techn ica l r isk  fo r  im p lem enting  energy conse rva tion  and/or load m anagem ent on a 

w id e r basis. H ow ever, the program  does not end here. C ontinued m o n ito r in g  o f  the 

energy c o s t sav ings is s t i l l  required, toge the r w ith  any sys tem  perfo rm ance  changes 

w h ich  re su lt fro m  the program .

It is at th is  stage o f  the program  that the neg o tia tion  c a p a b ility  o f  the tra n s it 

a u th o rity  w ith  the e le c tr ic  u ti l it ie s  m ust be s trongest, since the reduction  o f  revenue 

to  the u ti l it ie s  because o f the program  w il l  be fe lt .  Changes in the pow er rate 

s truc tu re  m ay bring  o the r o p p o rtu n itie s  to  reduce energy c o s t as w e ll. Thus, the 

energy m anagem ent s tudy  should be updated fro m  tim e  to  tim e , ty p ic a lly  on a f iv e  

year basis. I f  the o rig in a l s tu d y  w ere  conducted  p roperly , updating  should  n o t be 

d if f ic u lt .

4.2.3. Rate Intervention

If  the tra n s it a u th o rity  decides to  proceed w ith  ra te  in te rven tio n , the f ir s t  step 

is to  m eet w ith  the u t i l i ty  to  nego tia te  issues w h ich  can be se ttle d  ou ts ide  o f 

re g u la to ry  hearings. The rem ainder o f  the tasks m ay be conducted b e fo re  and during 

the next ra te  proceed ings:

1. S e lec t a loca l law  f irm  w ho has som e experience in  ra te  proceedings.
S ince part o f  the in te rven tio n  w i l l  be an educational p rocess o f  the 
re g u la to ry  com m iss ione rs , a law  f irm  w h ich  can ease th is  p rocess is m o s t 
appropria te .

2. R eview  and analyze the u t i l i ty 's  ra te  increase proposa l. Th is re v ie w  
shou ld  be based on the co s t to  serve p rin c ip le  and be considered  in the 
lig h t o f the o ther issues to  be addressed at the rate proceed ing. This 
ana lys is  should  include:

•  A p p ro p ria te  cos t o f  service.

•  Revenue requirem ent.

•  A p p ro p ria te  changes in s truc tu re  such as demand in te rva l, ra tchet, 
t im e  o f  day rates, etc.

•  A p p ro p ria te  rate o f return.



•  A pp ro p ria te  s ta te  and loca l taxes.

3. Testify in front of the regulatory agency and prepare rebuttal testimony.



5 .  G L O S S A R Y  O F  E N E R G Y  R E L A T E D  T E R M S

AC d rive  - A  propu ls ion  sys tem  w h ich  uses three 
phase a.c. induction  m o to rs  to  d rive  
the vehicle.

A ssured  re c e p tiv ity  - The tak ing  o f  p o s itiv e  a c tion  during 
regenera tion  in the fo rm  o f  a dd itio n a l 
equipm ent to  capture the pow er, w hich 
w ou ld  norm ally, be lo s t i f  the ac tion  
w ere not taken. The p o s itiv e  a c tion  
can take the fo rm  o f  energy s torage  
system s both  on -  and o f f  -  board 
tra ins, o rregenera tive  subs ta tions , by  
w h ich  pow er can e ither be de live red  
back to  the e le c tr ic  u t i l i ty  or used 
to  pow er o ther p o rtio n s  o f  the tra n s it 
system .

A u x ilia ry  energy - The energy required to  p ro v id e  support 
se rv ices both  on and o f f  -  board  the 
tra ins.

B illin g  dem and - The m axim um  o f the m o n th ly  dem and and 
the ratchet.

Cam c o n tro l - A  m o to r c o n tro l system  w hich  uses 
steps o f res istance to  p ro v id e  
variab le  vo ltag e  d. c. 
fo r  input to  the m otors .

Chopper co n tro l - A  m o to r co n tro l sys tem  using so lid  
s ta te  devices{ra ther than res is to rs ) 
to  change fixe d  vo ltage  d. c. to  
variab le  vo ltag e  d. c. fo r  input to  
the m otors .

C o inc iden t dem and - A  demand co n so lid a tio n  in w h ich  the 
m axim um  dem and is the m axim um  o f  the 
sum o f  the average energy use recorded 
on all e le c tr ic  m eters in the sam e 
demand in terva l.

C o n tr ib u tio n s -in -a id - 
o f-c o n s tru c tio n  - Refers to  the m onies put up b y  the 

tra n s it a u th o rity  during the 
co ns tru c tio n  and procurem ent phase to  
purchase equipm ent or bu ild  fa c ilit ie s  
w h ich  w il l  be owned and opera ted  by 
the e le c tr ic  u tility .



Demand Power demand.

Demand co n so lid a tio n  - A  w a y  o f  g roup ing  the record ings o f 
the e le c tr ic  m e ters  fo r  the purposes 
o f  com puting  pow er demand.

Demand in te rva l - A  period  o f  t im e  o ve r w h ich  the energy 
f lo w in g  through a m eter is averaged to  
de te rm ine  pow er dem and.

Energy A u d it - A  procedure b y  w h ich  the end use o f 
a ll energy necessary to  run the system  
is  dete rm ined .

Energy balance - The requ irem ent tha t the sum o f  all 
energy inputs in to  a sys tem  w h ich  
does no t s to re  energy be equal to  all 
energy outputs.

Energy conse rva tio n  - A  te rm  w h ich  re fe rs  to  the reduction  
o f  the energy use p o rtio n  o f  the 
e le c tr ic  b ill.

Energy e ff ic ie n c y  - The am ount o f  use fu l w o rk  done per 
energy expenditure. For exam ple, in 
tra n s it, th is  m ay mean the num ber o f 
passenger -  m ile s  per w a tt -  hour o f 
energy o r the num ber o f  car -  m iles 
per k ilo w a tt -  hours o f  energy, etc.

Energy end use - A  fu n c tio n  w h ich  uses part o f  the 
energy f lo w in g  in to  the sys tem  as a 
w ho le .

Energy m anagem ent - A  p rocess o f  understanding a sys tem 's  
energy requ irem ents, w ith  the goa ls o f  
reduced energy c o s t and increased 
energy e ff ic ie n c y .

Energy M anagem ent M odel 
(EMM) - A  to o l used to  s im u la te  tra c tio n  

o pe ra tio n  and re su lta n t energy 
co nsu m p tio n  on a ra il tra n s it system .

Energy use - The tim e  in teg ra ted  value o f  pow er.

Energy use pa tte rn  - The va ria tio n  o f  energy use w ith  
changes in ope ra ting  practices and 
sys te m  design  p rin c ip le s . The patte rn  
is gene ra lly  recorded  by the u t i l i ty 's  
m eters as a fu n c tio n  o f  tim e.



Field shunting  - The p rocess o f reducing the curren t 
through the f ie ld  o f a d.c. m o to r by  
p lacing  an e lec trica l shunt in 
para lle l w ith  the main fie ld .

K ilo w a tt-h o u r per 
ca r-m ile  - An index w h ich  represents the energy 

expended in m oving  a tra n s it veh ic le  
an average o f  one m ile  on the tra n s it 
system .

Load m anagem ent - A  te rm  w hich re fe rs  to  the co n tro l o f 
the pow er demand p o rtio n  o f  the 
e le c tr ic  b ill.

M o n th ly  dem and - The m axim um  demand in a m o n th ly  
b illin g  period.

Natural re c e p tiv ity  - The co n d itio n  during regeneration, 
whSreby o n ly  the o ther tra ins  on the 
sys te m  use the regenerated pow er.

N onco inc iden t demand - A  dem and conso lida tion  in w h ich  the 
m axim um  demand is the sum o f  the 
m axim um  average energy uses recorded 
on a ll e le c tr ic  m eters in any dem and 
in terva l.

P erform ance 
m o d ific a tio n  - The changing o f the perfo rm ance  o f  a 

tra in  as it  runs along a particu lar 
route.

P ow er dem and - The p o rtio n  o f  generating, 
tra nsm iss io n  and d is trib u tion  ca pa c ity  
tha t the e le c tr ic  u t i l ity  reserves fo r  
a custom er or custom er class. It  is 
a lso  the average energy per un it t im e  
in te rva l.

Pow er ra te  s truc tu re  - The schedule o f  charges fo r  
e le c tr ic ity  fo r  energy use, p ow er 
dem and and fa c ilit ie s .

P ropu ls ion  energy - The energy required to  drive  the 
tra ins.

Ratchet, o r ra tche t 
dem and - A  dem and calculated by a p rede term ined  

fo rm u la , w hich represents the m in im um  
m o n th ly  demand.

R egeneration - The conve rs ion  o f  mechanical pow er



S upport energy -

during tra in  braking to  e lectrica l 
pow er, w h ich  m ay be used by o ther 
tra in s  on  the  sys tem , stored  aboard 
the tra in (flyw h e e l), s tored  in devices 
o f f  -  board  the tra in  or so ld  to  the 
e le c tr ic  u t i l i t ie s  supplying pow er to  
the sys tem .

The energy used to  provide  support 
se rv ices  to  tra n s it system  operation.

T ra c tio n  energy - U sua lly  the energy required to  run the 
tra ins  and p ro v id e  the auxilia ry 
support se rv ice s  aboard them.

W a tt-h o u r per 
passenger-m ile  - An index w h ich  represents the average 

energy expended in m oving  a typ ica l 
passenger one m ile  on the trans it 
system .
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